



STRUCTURAL STUDY OF  
INTRINSICALLY DISORDERED PROTEIN  





















STRUCTURAL STUDY OF  
INTRINSICALLY DISORDERED PROTEIN  














A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY  
DEPARTMENT OF BIOLOGICAL SCIENCES NATIONAL 









I hereby declare that this thesis is my original work and it has been written by me in 
its entirety. I have duly acknowledged all the sources of information which have been 
used in the thesis.  
 





                                 
LIU Xiao 
Date: 
	  	   I	  
Acknowledgement 
First and foremost, I would like to express my sincere gratitude to my 
supervisor Professor Yang Daiwen and for his great support, guidance and patience 
for me and my project. He provided this great opportunity for me to do this project 
and helped me with designing projects, solving problems and academic writing skills. 
I am deeply grateful to Professor Henry Mok Yu-Keung for his valuable suggestions 
on this project in every group meeting.  Also, I would like to thank Professor 
Jayaraman Sivaraman, Professor Lin Qingsong and Professor Adam Yuan Yu-Ren for 
their critical advices in thesis advice meeting and qualify exams. Thank Professor 
Sawada for provide the construct of p130CasSD construct.  
Secondly, my thanks would also go to Dr. Fan Jinsong for his advices and 
help on NMR experiments. Thank Mr. Liang Chen for his patient experimental 
training when I first join Dr. Yang’s Lab. Thank Dr. Liu Wei, Dr. Wang Shujing and 
Dr. Gao Zhenwei for their helps in experiments and data analysis. Thank all of our 
group members for helping me a lot on experiments and being my friends.  
Also, I would like to thanks for NUS research scholarship and Singapore 
Ministry of Education for supporting my study and research these years. 
Last but not the least, I owe my genuine appreciation to my beloved family 
and friends who always love me and encourage me all the time.  
 
	  	   II	  
Table of Contents 
 
ACKNOWLEDGEMENT ……………………………………………………….	   I  
TABLE OF CONTENTS  ……………………………………………………….	   II 
SUMMARY ………………………………………………………………………	   V 
LIST OF FIGURES  …………………………………………………………….. VI 
LIST OF TABLES ……………………………………………………………….	   VIII 
LIST OF ABBREVIATIONS   ………………………………………………….	   IX 
 
Chapter 1. 
Introduction ……………………………………………………………………. 1 
 
1.1 Intrinsically disordered protein ……………………………………….. 2 
 
1.2 Structural study on IDPs ……………………………………………… 3 
  
1.2.1 Resonances assignment……………………………………… 4 
  
1.2.2 Local structure……………………………………………….. 5 
  
1.2.3 Nuclear Spin Relaxation  .…………………………………… 7 
  
1.2.4 Amide hydrogen exchange…………………………………... 7 
  
1.2.5 Paramagnetic relaxation enhancement (PRE) ……………..... 7 
  
1.2.6 Overall dimensions of IDPs…………………………………. 8 
 
1.3 Research objectives……………………………………………………. 9 
       Chapter 2. Structural and dynamics study of p130CasSD………………….. 11 
 
2.1 Introduction of p130Cas substrate domain……………………………. 12 
  
2.1.1 Architecture of p130Cas…………………………………….. 
2.1.2 Regulation and functional roles of p130Cas………………… 






   
2.1.3.1 p130Cas in cardiovascular disease………………… 
2.1.3.2 p130Cas in cancer…………………………………. 
2.1.3.3 p130Cas in other physiological functions…………. 
16 
   
17 
   
17 
  
2.1.4 Force sensing of p130CasSD………………………………... 18 
 
2.2 Materials and methods ………………………..………………………. 21 
  
2.2.1 Construction of p130CasSD…………………………………. 




	  	   III	  
  
2.2.3 Transformation of E. coli cells………………………………. 
2.2.4 Media: LB broth, LB agar and M9 minimal media………….. 
2.2.5 Protein expression.…………………………………………... 
2.2.6 Protein purification…………………………………………... 











2.2.8 NMR spectroscopy…………………………………............... 
2.2.9 NMR data process…………………………………................ 
2.2.10 Dynamic light scattering………………………………….... 
2.2.11 Circular dichroism spectroscopy…………………………… 










2.3 Results…………………………………………………………………. 32 
  
2.3.1 Molecular architecture of p130CasSD………………………. 
2.3.2 Expression and purification of p130CasSD…………………. 
2.3.3 NMR resonance assignment of p130CasSD………………… 
2.3.4 Data deposition……………………………………………… 
2.3.5 Characterization of local structure of p130CasSD …………. 
2.3.6 Paramagnetic Relaxation Enhancement (PRE) …………….. 
2.3.7 Structural Ensemble Calculation……………………………. 
2.3.8 Protein dynamics……………………………………………. 
2.3.9 Amide hydrogen exchange and Hydrophobicity analysis…… 




















2.4 Conclusion and future work…………………………………………… 60 
  
Chapter 3: HN(CA)N and HN(COCA)N experiments for assignment of 
large disordered proteins………………………………………………………. 61 
 
3.1 Introduction……………………………………………………………. 
3.2 General strategy ………………………………………………………. 







3.3.1 Protein sample……………………………………………….. 










3.6 Declaration…………………………………………………………….. 79 
	  	   IV	  
  
Chapter 4. Free 3D+: software plug-in for backbone resonance assignment 80 
 
4.1 Introduction……………………………………………………………. 81 
  
4.1.1 NMRspy……………………………………………………... 





4.2 Interfaces and algorithms……………………………………………… 85 
  
4.2.1. Overall interface of Free3D+……………………………….. 
4.2.2 Project Preparation………………….……………………….. 
4.2.3 Spectral Calibration………………………………………….. 
4.2.4 Cluster Identification………………………………………… 
4.2.5 Cluster Mapping …………………………………………….. 













4.3 Results and discussion…………………………………………………. 106 
       References……………………………………………………………………….. 108 
 
 
	  	   V	  
Summary 
The main focus of this thesis is the structural study of a large intrinsically disordered 
protein, p130Cas (Crk-associated substrate) substrate domain (p130CasSD), which is 
an important substrate for tyrosine phosphorylation. In vitro experiments of extension 
and phosphorylation of p130CasSD suggested that Cas plays a role as a primary force 
sensor, transducing force into extension-dependent phosphorylation, thus triggering 
off downstream signaling. A series of NMR experiments have been performed to 
characterize the structure and dynamics of p130CasSD. In order to obtain resonance 
assignments of p130CasSD with 306 amino acids including 64 proline residues, 3D 
HN(CA)N and HN(COCA)N experiments were developed for backbone assignment. 
Referring to the design of a software tool XYZ4D, Free3D+ was developed to 
facilitate backbone assignment of p130CasSD as an extension of NMRspy. Free3D+ 
can be applied to both folded and disordered proteins as well as suitable for any 
possible combinations of 2D and 3D NMR spectra. Although p130CasSD is 
intrinsically disordered as supported by circular dichroism data, it has β-strand 
propensity based on 13Cα and 13CO chemical shifts. The hydration radii of the protein 
in the absence and presence of 8 M urea were significantly different and the 1H-15N 
HSQC NMR spectra were also distinct, indicating p130CasSD adopts a structural 
ensemble that is very different from the random coil structure. To obtain the structural 
ensemble, paramagnetic relaxation enhancement (PRE) experiments were performed 
on a number of p130CasSD samples with spin labels at different sites.  The resultant 
structures indicate that some regions of p130CasSD exist in a relative compact form 
and thus many of YXXP motifs are not accessible by kinase for phosphorylation in 
the absence of mechanical stretching. 
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1.1 Intrinsically disordered protein 
Proteins exist in all living organisms ranging from viruses to human beings, 
and participate in most biological processes. Since the first protein structure was 
determined at atomic resolution in 1958, thousands of protein structures have been 
determined by scientists using X-ray crystallography, Nuclear Magnetic Resonance 
(NMR) spectroscopy and electron microscopy (EM) etc. (Kendrew J et al., 1958; 
Muirhead H, Perutz M 1963). Atomic resolution protein structure provide myriad of 
information starting from signaling pathway to cell migration(Song et al. 2005; 
Ruoslahti and Pierschbacher 1987).  
While proteins were considered well folded in functional form, some of them 
have been proved to be “intrinsically disordered” at all times, thus being named 
intrinsically disordered proteins (IDPs). IDPs are naturally abundant in both 
prokaryote and eukaryote, and researches show that more than 50% of eukaryotic 
proteins are predicted to contain intrinsically disordered protein regions (IDPRs) 
(Dunker et al. 2008; Pancsa and Tompa 2012). While more and more IDPs that 
possess essential biological functions have been found, they have gradually attracted 
more attention from researchers in recent 15 years (Wright and Dyson 1999). 
Different from ordered proteins, biological functions of IDPs are mainly focus on 
regulation, signaling and recognitions (Tompa 2012). While some IDPs can undergo 
post-translational modification to modulate their functions, a portion of IDPs can be 
folded under some specific conditions, such as interacting with target proteins or other 
small molecules  (Sickmeier et al. 2007). Disorders in structure provide IDPs several 
specific functional advantages, such as fast recognition of diverse partners and folding 
into different structures under varying conditions.  
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Nowadays, modern drug discovery on proteins mainly focuses on ordered 
proteins such as enzymes, cell-surface receptors and ion channels (Uversky 2012), 
and the drugs are designed as small molecules based on the structure of target proteins 
so that they can target active sites and regulate proteins’ behavior. However, 
functional and structural study on IDPs is a rapid developing and important area for 
human diseases and drug development since they have been found to be related with a 
broad range of human diseases, such as cancer, Alzheimer’s disease, diabetes and 
cardiovascular diseases.  
Although IDPs usually do not contain distinct α-helix or β-strand, some of 
them still have some residual structured regions, which are referred to as a transient 
secondary structure (Tompa P, 2005). IDPs exist as structural ensembles, in which the 
atom positions and backbone phi, psi angles vary significantly over the span of time 
(Uversky 2012) .  
 
1.2 Structural study on IDPs 
Currently, solution NMR, circular dichroism (CD), small-angle X-ray 
scattering (SAXS), electron paramagnetic resonance (EPR or ESR) and molecular 
dynamics (MD) simulations are dominantly used for structural study of IDPs. Its 
highly flexible nature which makes it impossible to reach the homogeneity of sample 
for crystallization. 
The flexible nature of IDPs makes solution NMR one of the best tools to study 
its structure and dynamics since X-ray crystallography or EM are not able to study 
biological characters of proteins in solution states. Available NMR methods for IDPs 
include chemical shift index (CSI), PRE, RDC, NOE, hydrogen exchanges, 
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relaxations and NMR titrations.	   The biggest challenge in studying large IDPs by 
NMR is the overlap of NMR signals due to poor 1H and 13C chemical shift dispersions.  
1.2.1 Resonances assignment 
To study a protein with NMR, resonances assignment is the first and 
unavoidable step, which is used in further structural determination, dynamics 
characterization, and titration for protein-protein or protein-ligand interaction. For 
large IDPs with more than 200 residues, resonances assignment can be extremely 
difficult due to signal-overlaps, thus making this strategy unsuitable.  
 
Figure 1.1 3D-HN(CO)CA and 3D-HNCA. Adopted from 
http://www.protein-nmr.org.uk/solution-nmr. Figure a shows the magnetization 
transfer pathways in HN(CO)CA. Figure b shows the magnetization transfer pathways 
in HNCA. 
 
Resonances can be assigned with a set of high dimensional spectra that 
contain adequate linkage of neighboring residues, and one of the most commonly 
used strategies is to use 3D-HN(CO)CA and 3D-HNCA spectra acquired on 13C,15N 
isotope labeled proteins (Bax and Ikura 1991) in which HNCA provides correlations 
between HiNi–Cαi and HiNi–Cαi-1 while HN(CO)CA provides correlations of HiNi–
Cαi-1 of every non-proline residue (Figure 1.1). Using the sequential correlations to 
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connect adjacent residues, a full map of the amino acid connectivities can be obtained. 
However, poor dispersion of 1HN and 13Cα chemical shifts for IDPs makes the 13Cα-
based 3D experiments difficult to be applied to IDPs. Luckily, the good chemical shift 
dispersion of 15N and 13CO spins allows the resonance assignment of IDPs using 
strategies such as 3D-HNCO/HN(CA)CO and 3D-HNN. On the basis of the backbone 
NH assignments, 3D-H(CCCO)NH TOCSY and 3D-CC(CO)NH TOCSY could be 
performed to obtain side-chain protons and carbons (Montelione et al. 1992).  
1.2.2 Local structure 
Circular dichroism (CD) spectroscopy can be used to measure the secondary 
structure propensities such as α-helices or β-strands. From wavelength between 190 
nm and 260 nm, the “far-UV” spectra of α-helices, β-strands and random coils appear 
obviously different shapes (Figure 1.3). However, IDPs only have transient secondary 
structures which might not be detected by CD spectroscopy.  
 
Figure 1.2 Typical CD spectra of α-helices, β-strands and random coils. 
Chemical shift or chemical shift index (CSI) (Wishart et al. 1992) is another 
broadly used strategy in analysis of secondary structures , and it is simple to obtain 
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chemical shifts of each residue with sequence-specific resonance assignments. The 
major influence on chemical shift value of a nucleus is its chemical environment 
including local secondary structure, interaction forces and buffer conditions. In α-
helices, chemical shifts of 13Cα and 13C' are greater and 1Hα, 13Cβ and 15N smaller 
than those in random coils while chemical shifts in β-strands behave the opposite way. 
However, when it comes to IDPs, the differences between experimental chemical 
shifts and references can be too small to distinguish the secondary structure 
propensities, making the selection of random coil references extremely important. 
CamCoil (Simone et al. 2009) and ncIDP (Tamiola et al. 2010) are two strategies that 
are generally used to predict random coil chemical shifts based on specific protein 
sequences. In addition to CSI, secondary structure propensity (SSP) is an approach 
specially designed for analyzing IDP structure (Marsh et al. 2006) . SSPi stands for 
SSP score of each residue and could be determined using Equation 1.1, among which 
ΔδXjobs is the observed secondary chemical shift that can include 13Cα, 13Cβ, 13C’, 1Hα, 
1HN, and 15N; ΔδXjα/β are references chemical shift of α or β structures; σ jα/β are 
standard deviations of ΔδXjα/β. 
 Equation 1.1 
1.2.3 Nuclear Spin Relaxation 
One advantage of NMR is that it can provide several approaches to measure 
IDPs dynamics including Nuclear Spin Relaxation studies which can help to identify 
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the overall flexibility of protein backbone and internal molecular motions. In NMR 
studies, relaxation means return of nuclear magnetization to its equilibrium state. 
There are two broadly used indexes representing relaxation: the longitudinal (or spin-
lattice) relaxation time T1 and the transverse (or spin-spin) relaxation time T2. 
Corresponding to the relaxation times there are two relaxation rates, relaxation rates 
R1=1/T1 and R2=1/T2. For proteins, relaxation rates can be measured with 2D-HSQC-
based approaches. Heteronuclear NOE (hetNOE) is another relaxation experiment 
that is commonly used for measuring protein dynamics.  In hetNOE, magnetization is 
transferred from a proton to a heteronucleus. This cross-relaxation can be detected by 
measuring the change of signal intensities upon proton saturation. 
1.2.4 Amide hydrogen exchange 
 The rate of amide hydrogen exchange between the protein and solvent reflects 
a series of protein characters, such as protein dynamics, accessibility to solvent and 
hydrogen bonds. While the most common method is hydrogen-deuterium exchange 
(Wagner and Wüthrich 1982) , an easier way to determine the amide hydrogen 
exchange rate is to utilize radiation damping (Fan et al. 2011) .  
1.2.5 Paramagnetic relaxation enhancement (PRE) 
 PRE is a method used to detect long-range distance information in the range 
from 14 Å to 25 Å. It can be a complementary dataset to NOE data which can only 
provide information only up to 7 Å distance. PRE is broadly used in studying some 
dynamic systems such as protein-protein interactions and disordered proteins. 
Measurements of PREs detect the interaction between an unpaired electron and 
nuclear magnetic moments. Larger PRE value corresponds to smaller distance 
between the residue and electron spin probe. The most popular spin label used in 
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protein studies is MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-
yl)methyl methanesulfonothioate).  
 
Figure 1.3 MTSL bonds cysteine 
MTSL can be attached to the target protein by forming a disulfide bond with a 
cysteine residue, which can be introduced to the protein by site-directed mutagenesis 
(Figure 1.3). In order to get comprehensive information, it is necessary to acquire 
PREs of multiple single cysteine mutations located in different positions of the 
protein.  
 The relation of the relaxation enhancement and distance between the target 
nuclear magnetic moment and spin label follows the Equation 1.2, where r is the 
distance between the unpaired electron center and amide hydrogen atoms, κ is 
1.23×10−44 m6/s2, Γ2 is the amide proton PRE, τc is rotational correlation time, and ωH 
is the proton Larmor frequency  
𝑟 =    κ!! 4τ! + !!!!! !!!! ! !!               Equation 1.2 
1.2.6 Overall dimensions of IDPs 
To obtain the hydrodynamic radius of an IDP, pulsed-field gradient (PFG) 
diffusion NMR spectroscopy would be the ideal method (Jones et al. 1997). The ratio 
between translational diffusion coefficient and the hydrodynamics radius of a 
molecule follows the Equation 1.3, where r stands for hydrodynamic radius of the 
molecule, κ is Boltzmann constant equal to 1.380 × 10-23 J K-1, T is the 
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temperature in Kelvin, η is viscosity of the solution in Pa s, and D is self-diffusion 
constant of the molecule.  
𝑟 = 𝑘𝑇6𝜋𝜂𝐷                        Equation 1.3 
Dynamics  light scattering (DLS) is another popular physical technique to be 
applied in size determination of small particles in suspensions including nanoparticles, 
polymers and proteins. This size-determining method is time-saving, cost-limited and 
with easy operation to obtain the final results, making it widely used in daily 
experiments.  
 
1.3 Research objectives 
This study focuses on structural and dynamics characterizations of a large IDP 
p130Cas (Crk-associated substrate) substrate domain (p130CasSD), which locates 
between SH3 domain at amino-terminus and Src-binding domain (SBD) at carboxyl-
terminus in p130Cas. P130Cas is a protein playing central role in various human 
diseases such as cancer, cardiovascular disease etc. Among 306 residues of 
p130CasSD, at least 10 tyrosines from total 15 YxxP motifs can be phosphorylated to 
generate sites for recruiting SH2 (Rush j., et al., 2005; Luo W., et al., 2008). Both in 
vivo and in vitro experiments of extension of Cas and phosphorylation of p130CasSD 
elucidate the important role of Cas as a primary force sensor to transduce force into 
extension-dependent phosphorylation and subsequently trigger off downstream 
signaling pathways (Sawada Y., et al., 2006). However, mechanism of this extension-
dependent phosphorylation is still not clear. In order to explain the phenomenon of 
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extension-dependent phosphorylation of p130CasSD, we need to characterize its 
structure and dynamics first.  
Backbone assignment is the first and essential step to study the structures and 
dynamics of proteins with solution NMR. However, current methods on backbone 
assignment mainly focus on folded proteins (usually less than 200 residues) are 
unable to be applied on large IDPs because of their poor dispersion of 1HN, 13Cα and 
13Cβ chemical shifts. Consequently, a new method that could be utilized on backbone 
assignment of large IDPs is required to be developed.  
Assignment of large IDPs is much more difficult than ordered small size 
proteins. Manual assignment of a protein about 100 residues long will consume at 
least several weeks, and backbone assignment of a large protein such as p130CasSD 
can take several months. These large time consuming obstacles accelerate the need of 
a software for fast and efficient automated backbone assignment for IDPs. 
Therefore, the major objectives of this study are to: 
1. Characterize structure and dynamics of p130CasSD with a series of NMR 
and other experiments.  
2. Develop new NMR experiments and strategies that can be applied for 
backbone assignment of large IDPs.  
3. Develop software that provides automatic or semiautomatic functions to 
facilitate backbone assignment of large IDPs and reduce the workloads greatly.  
The structural and dynamics study can fill the gap that no 3D structure of 
p130CasSD is available, and new NMR experiments and software can shed light on 






Chapter 2. Structural and dynamics study 
of p130CasSD 
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2.1 Introduction of p130Cas substrate domain  
The 130 kDa protein p130Cas, which is also known as breast cancer anti-
oestrogen resistance 1 (BCAR1), belongs to the Cas (Crk-associated substrate) 
family. Although p130Cas lacks a kinase domain, it can still interact with different 
kinds of binding partners. Tyrosine phosphorylation of p130Cas activates downstream 
signaling pathways by creating binding sites for related signaling proteins. p130Cas 
plays a central role in multiple signaling pathways and participates in cell migration, 
survival, apoptosis, transformation and invasion.  
Within 15 YXXP motifs, the substrate domain located in the center of 
p130Cas acts as Src-family kinases (SFK) phosphorylation substrate. Under the 
external extension from the ends of p130CasSD, the phosphorylation level of YXXP 
elevates without Src activity increasing (Sawada Y., et al., 2006). The phosphorylated 
tyrosines generate sites for recruiting SH2 domains, which activate downstream 
signaling pathways (Rush j., et al., 2005; Luo W., et al., 2008). This extension-
dependent phosphorylation implies the role of p130CasSD as a primary force sensor, 
which can transduce force into phosphorylation, thus triggering off downstream 
signaling. However, the detail of enhancement of p130CasSD phosphorylation in 
response to external forces is still unclear. In order to understand the conformational 
change of p130CasSD in these processes, we performed a series of experiments to 
characterize its structural and biophysical properties.  
The following part in this section provides a brief introduction to structural 
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2.1.1 Architecture of p130Cas 
As shown in figure 2.1.1, p130Cas consists of N-terminal Src-homology 3 
domain (SH3 domain), proline-rich domain, substrate domain, serine-rich domain and 
C-terminal srk-binding domain (SBD domain). Cas anchors on the cytoskeleton 
through SH3 domain and SBD at focal adhesions (Nakamoto et al. 1997). Usually 
interacting with polyproline motifs, SH3 domain is relatively a conserved among the 
CAS proteins, and it can interact with FAK, PYK2 and C3G with regulation via PTP-
PEST. (Astier et al. 1997; Law et al. 1996; Garton et al. 1997; Harte et al. 1996; 
Kirsch et al. 1998; Liu et al. 1998; Nakamoto et al. 2000) . The substrate domain can 
be phosphorylated by Src-family kinases such as Crk (Sakai et al. 1994) . The 
substrate domain contains 15 YXXP motifs which are proved to be Src 
phosphorylation sites. The phosphorylation of substrate domain is stretch associated 
(Sawada et al. 2006) . The most conserved domain is C-terminal Src-binding domain 
(SBD) which interacts not only with Src but also with BCAR3 and Chat (Cai et al. 
2003; Sakakibara et al. 2002) .  
Figure 2.1.1 Construction of p130Cas (Barrett et al. 2013) 
2.1.2 Regulation and functional roles of p130Cas 
 As a Crk-associated substrate protein, p130Cas is predominantly regulated by 
tyrosine phosphorylation and dephosphorylation. A variety of downstream signaling 
pathways can be stimulated by the phosphorylation of p130Cas (Figure2.1.2). 
Majority of the tyrosine phosphorylation happens in the YXXP motifs. Under the 
stimulation of specific growth factors such as vascular endothelial growth factor 
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(VEGF) and epidermal growth factor (EGF), related receptor tyrosine kinases can 
activate the tyrosine phosphorylation process.  
Different from growth factor induced phosphorylation, integrin mediated 
phosphorylation is Src-dependent (Vuori et al. 1996). Cell adhesion to extracellular 
matrix (ECM) activates integrin-mediated phosphorylation of focal adhesion related 
protein such as p130Cas, FAK (focal adhesion kinase) and paxillin. FAK may recruit 
SFK during focal adhesion in the presence of both p130Cas and FAK.  
 
Figure 2.1.2 p130Cas as a signaling node (Barrett et al. 2013) In integrin-mediated 
phosphorylation, p130Cas localizes via SH3 interaction with FAK, PYK2 and Src. In 
growth factors induced phosphorylation, Src family kinase binds to the C-terminal 
SBD directly and phosphorylates substrate domain. Crk adaptor proteins recognize 
phosphorylated tryrosine of the YXXP motif in substrate domain, and activate the 
downstream signaling pathways. 
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In the process of mitosis, phosphorylated serine/threonine and 
dephosphorylated tyrosine mediate interactions between p130Cas and focal adhesion 
complex (Yamakita et al. 1999). At the end of mitotic division, the phosphorylation 
status of serine/threonine and tyrosine are reversed (Yokoyama and Miller 2001). 
Tyrosine kinase Abl and protein tyrosine phosphatase-1B (PTP-1B) work in pair on 
regulating p130Cas-Crk coupling related phosphorylation. Focal adhesion kinase 
binding to p130Cas elevates the phosphorylation level and further increase the 
p130Cas-Crk coupling. 
Dephosphorylation of p130Cas has been found under certain cell detachment 
and bacteria infection. PTP-PEST has been shown to decrease p130Cas 
phosphorylation level, p130Cas-Crk couplings and cell migration (Garton and Tonks 
1999). Although p130Cas hyper phosphorylation was discovered in cell line without 
PTP-PEST, cell migration was impaired at the same time. On the contrary, another 
phosphatase PTP-1B was found to facilitate the integrin-mediate focal adhesion 
signaling via removing some inhibitory phosphorylation of Src and Crk (Astier et al. 
1997; Garton et al. 1997; Harte et al. 1996; Kirsch et al. 1998; Law et al. 1996; Liu et 
al. 1998b; Nakamoto et al. 2000).  
A remarkable feature of p130Cas is that it can trigger signaling pathways 
either individually or correspondingly. Some studies showed that p130Cas plays 
important roles in activating specific small GTPase, cell migration, cell cycle and 
apoptosis. Crk SH3-domain-binding guanine nucleotide exchange factor (C3G) 
regulates cytoskeletal remodeling by activating p130Cas-Crk-C3G signaling pathway 
and relevant GTPases. 
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2.1.3 p130Cas in human health and disease 
Broadly expressed in cells, p130Cas is involved in a variety of signaling 
pathways. Numerous diseases are affected by p130Cas activities. Embryonic lethal 
and cardiovascular defects which occurred in p130Cas knock-out mice indicate that 
p130Cas may play important roles in development and cardiovascular disease (Honda 
et al. 1998) . p130Cas has also been found to play different roles in many kinds of 
cancers such as breast cancer, melanoma, leukemia, etc.  
2.1.3.1 p130Cas in cardiovascular disease 
It was found that p130Cas deficient mice died at around 12 embryonic days. 
Further studies observed abnormality in myocardium, blood vessels and livers of 
p130Cas knock-out mice. In wild type mice of the same development stage, 
expression of p130Cas is found in heart and vasculature cells. 
Integrin-mediated signaling and p130Cas-involved focal adhesion have been 
found in cardiac myocytes and endothelium. It is believed that p130Cas and FAK co-
regulate sarcomere organization and protein contractility in myocytes (Kodama et al., 
2003). Focal adhesion complex including p130Cas has been reported to be 
participating in regulating endothelial migration although detailed mechanism of this 
process remains unclear. ERK5 phosphorylates Ser910 of FAK, decreases p130Cas 
expression levels in endothelial cell and further impairs the association between 
p130Cas and integrin complex (Spiering et al. 2009) . It has been mentioned that fluid 
sheer stress could increase the phosphorylation levels of p130Cas and other focal 
adhesion complex proteins.  
In both rat and human, several types of vascular smooth muscle cells (VSMC) 
express p130Cas. It is believed that p130Cas plays significant roles in VSMC 
motilities via responding to certain growth factors such as IGF-I, TGF-β, etc (Lin and 
	  	   17	  
Ceacareanu 2003) . Elevated expression and phosphorylation level of p130Cas in 
VSMC has been observed in rat models and clinical cases of pulmonary hypertension.  
2.1.3.2 p130Cas in cancer 
 As a signaling node, p130Cas is considered to be involved in diverse aspects 
of cancer progression. Activation of Src or Crk enhances the phosphorylation of 
p130Cas, which further leads to cell migration and invasion. C3G cleavages of 
p130Cas play important role in regulation of anoikis. Due to lack of normally 
functioning anoikis malignant cells cannot disperse to proper position and therefore 
lose its connection to extracellular environment. 
In breast cancer, p130Cas is an important component of a quaternary complex 
consisting of p130Cas, Src, FAK and Erythroblastosis oncogene B2 (ERBB2), which 
is important in cellular transformations. ERBB2 elevates the ERK activation by 
stimulating p130Cas-Crk coupling. Other than breast cancer, overexpression of 
p130Cas has been found in a broad range of cancers such as ovarian cancer, lung 
cancer etc. and its up-regulation increases the resistance of estrogen receptors to 
tamoxifen. 
Melanoma-associated antigens activate p130Cas-mediated signaling 
pathways. In an in vitro study on GD3-positive melanoma cells, p130Cas tyrosine 
phosphorylation level increased under the simulation of fetal calf serum, thus 
enhancing the cell growth and invasion.  
2.1.3.3 p130Cas in other physiological functions 
p130Cas participates in various physiological functions besides the diseases 
described above. In bone tissue remodeling process, PYK2 recruits and 
phosphorylates p130Cas, and subsequently forms p130Cas-PYK2 complex in the 
sealing zone (Lakkakorpi et al. 1999) . In normal glomerular mesangial cells, 
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p130Cas is also recruited by PYK2 and further forms complex with BCAR3. It is 
reported that the SH3 domain of p130Cas plays important roles in liver development. 
Thus mouse lacking exon 2 genes which encodes the SH3 domain, died in uterus  
(Honda et al. 1998). Researchers also found that p130Cas also plays an important role 
in providing immunity against bacterial infections (Donaldson et al. 2000). 
2.1.4 Force sensing of p130CasSD 
Substrate domain of p130Cas contains 15 YxxP phosphorylation motifs. The 
phosphorylated tyrosine and the following three residues generate sites for recruiting 
SH2 domains, which activate downstream signaling pathways (Rush et al. 2005; Luo 
et al. 2008). In vitro experiments of extension and phosphorylation on p130CasSD 
imply its role as a primary force sensor which can transduce force into extension-
dependent phosphorylation, thus triggering off downstream signaling without 
increased Src activity (Sawada et al. 2006). 
Mechanical force can be applied on living cells in multiple ways, such as 
cytoskeleton stretch, muscle contraction and fluid sheer stress. Cells respond to 
mechanical forces to complete related functions. In the case of p130Cas, mechanical 
force in the form of cytoskeleton stretch is transduced into tyrosine phosphorylation, 
and subsequently activating small GTPase Rap1 (Tamada et al. 2004) . There are four 
potential mechanisms for cell stretching-dependent phosphorylation enhancement. 
Possible mechanisms include activation of the kinase, inactivation of the phosphatase, 
bringing kinase to substrate and increasing the susceptibility of the substrate to 
phosphorylation.  
To explore the mechanism for cell stretching-dependent phosphorylation 
enhancement, Sawada, et al. developed a cell stretching system and a protein 
stretching system to detect the relation between phosphorylation enhancement and 
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external mechanical extension on p130CasSD (Sawada et al. 2006). Immunoblotting 
results of HEK293 cells which were cultured on latex membrane and stretched 10% at 
each dimension uniformly revealed the increase of tyrosine phosphorylation level of 
YXXP motifs without any change of Src activity. Another experiments of stretching 
the N-terminal and C-terminal biotinylated p130CasSD which was immobilized on 
latex membrane showed that the tyrosine phosphorylation level increased in 
proportion to the stretch. These experiments imply the mechanism of stretch 
dependent phosphorylation of p130Cas is that the stretching increases the 
susceptibility of the substrate to phosphorylation.  
There is no 3D protein structure of p130CasSD available. Based on its 
behaviour of extension dependent phosphorylation enhencement, a hypothesis has 
been suggested: p130Cas can anchor onto the cytoskeleton through SH3 domain and 
SBD through binding with other focal adhesion proteins; the strecthing on the 
cytoskeleton complex extends the substrate domain, and further exposes the 
phosphorylation sites (Figure 2.1.3).  
Another research claims that significant polyproline II helix (PPII) regions in 
p130CasSD have been observed (Hotta et al. 2014) . Hotta proposed a hypothesis that 
instead of globle folding of p130CasSD, the YXXP motifs were blocked by LIM 
domains before being stretched(Figure 2.1.4). When p130CasSD is under unextended 
status, LIM domains bind to p130CasSD PPII regions via hydrogen bonds. The 
external stretch on p130CasSD changes PPII into β-stranded region, hence 
jeopardizing the hydrogen bonds and allowing the kinase to phosphorlate p130Cas 
(Hotta et al. 2014) .  
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Figure 2.1.3 p130Cas stretching model (Sawada et al. 2006) a) p130Cas in the 
cytoplasm before stretch. b) p130Cas anchored on cytoskeletal complex with 
moderate extension. c) extension-dependent phosphorylation and downstream 
signaling.    
Figure 2.1.4 Model of LIM domain pairing and binding with p130CasSD (Hotta 
et al. 2014) . Hydrogen bonds (blue dotted lins) between LIM domains (green and 
purple ribbon) and CasSD (yellow line, red line and red ribbon) are misaligned under 
mechanical force and the PPII strucutures are reformed. 
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2.2 Materials and Methods 
2.2.1 Construction of p130CasSD 
P130Cas substrate domain template used in this study was the 208-514 
residues of breast cancer anti-estrogen resistance protein 1 (CRK-associated substrate) 
(p130cas) [Bcar1] [Rattus norvegicus (Rat)]. A His-tag was added at the amino 







Expression vector used in this study was pET-28b(+) (Figure 2.2.1). 
p130CasSD genes were amplified by PCR. The PCR product and pET-28b(+) 
plasmid were double digested by Nco1 and EcoR1 at 37 °C for 1 hour. T4 ligase was 
used to ligate target genes and the vector.  
2.2.2 Construction of mutants 
12 mutants had been constructed in this study. Among them, Q28C, D53C, 
I81C, G109C, L131C, G153C, V183C, E214C, I237C and L261C were constructed 
by one-step PCR. N3C and I295C were constructed by normal PCR.  Primers used are 
listed below: 
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Figure 2.2.1 construction of pET-28 
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N3C 
Primer sequence 1: 5'- CGC CCA TGG GGC ACC ATC ATC ATC ATC ATC CTG 
ACT GCG TGT ACC TGG -3'  
Primer sequence 2: 5'- CCG GAA TTC TCA GGC TGG TGG GGG CAC AGC -3' 
Q28C:  
Primer sequence 1: 5'- CAACCCACAGTTCTGCTCACCCCCA -3'    
Primer sequence 2: 5'- GGC TGG GGG TGA GCA GAA CTG TG -3' 
D53C: 
Primer sequence 1: 5'- CCT GCC ACA TGC CTT TAC CAG G -3' 
Primer sequence 2: 5'- CCT GGT AAA GGC ATG TGG CAG G -3' 
I81C: 
Primer sequence 1: 5'- CAG GGC ATG ACT GCT ACC AAG -3' 
Primer sequence 2: 5'- GGG ACT TGG TAG CAG TCA TGC -3 
G109C:  
Primer sequence 1: 5'- CTA CTC GAG TGT GCC AGG GCT ATG -3' 
Primer sequence 2: 5'- C ATA GCC CTG GCA CAC TCG AGT AG -3'  
L131C: 
Primer sequence 1: 5'- G CGC CAC CTG TGC GCT CCA GG -3' 
Primer sequence 2: 5'- GA ACC TGG AGC GCA CAG GTG G -3' 
G153C: 
Primer sequence 1: 5'- CCA ACC AGT ATT GCC AGG AGG -3' 
Primer sequence 1: 5'- CCT CCT GGC AAT ACT GGT TGG -3' 
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V183C: 
Primer sequence 1: 5'- GTG CCC CCT AGT TGC GAG AAA G -3' 
Primer sequence 2: 5'- GCC TTT CTC GCA ACT AGG GGG -3' 
E214C: 
Primer sequence 1: 5'- CAC TGC TGC GTT GCG AAA CAT ATG -3' 
Primer sequence 2: 5'- CAT ATG TTT CGC AAC GCA GCA GTG -3' 
I237C: 
Primer sequence 1: 5'- CGA CAT CCA TTA TGC CTC GCT G -3' 
Primer sequence 2: 5'- GGT GCA GCG AGG CAT AAT GGA TG -3' 
L261C: 
Primer sequence 1: 5'- G CCC CCT GGT TGC CGG CGG CC -3' 
Primer sequence 2: 5'- CC AGG CCG CCG GCA ACC AGG G -3' 
I295C 
Primer sequence 1: 5'- CGC CCA TGG GGC ACC ATC ATC ATC ATC ATC CTG 
ACA ATG TGT ACC TGG -3'  
Primer sequence 2: 5'- CTC GAA TTC TCA GGC TGG TGG GGG CAC AGC ATA 
CAC ACC ATC ATC ACA TAC -3' 
2.2.3 Transformation of E. coli cells 
For each construct, 10 µL ligase product was added into 100 µL E. coli DH5α 
competent cells. The mixture was placed on ice for 20 minutes before heat shocked at 
42 °C for 90 seconds. 800 µL LB media was added into the mixture and incubated 
them at 37 °C for 1-2 hours. Cells were spun down and spread on LB Agar plate with 
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25 mg/L kanamycin. After the plate been incubated at 37 °C overnight, single colony 
was picked for DNA sequencing. 0.5 µL plasmid of confirmed construct was 
transformed into E. coli BL21 codon plus RP competent cells.  
2.2.4 Media: LB broth, LB agar and M9 minimal media 
LB broth (Novagen) and LB Agar (Miller) were prepared under instruction of 
manufacturers. 1L M9 minimal media was consisted of 6 g/L Na2HPO4, 3 g/L 
KH2PO4, 1 g/L NH4Cl, 0.5 g/L NaCl, 0.24 g/L MgSO4, 0.01 g/L CaCl2, 0.01 g/L 
thiamine, 1-4 g/L glucose and distilled deionized water. 0.025 g/L kanamycin and 
0.034 g/L chloramphenicol were added into each culture media.  
2.2.5 Protein expression  
Single colony was picked from pre-incubated plate and suspended into 10 mL 
LB culture with antibiotics. After overnight incubation at 37 °C with 200 rpm 
shaking, cells were spun down at 4000 g for five minutes and suspended into 1 L M9 
media. The culture was incubated at the same condition until its OD600 reach 0.6. 
IPTG was added to final concentration 1 mM/L. The protein was expressed at 37 °C 
with 200 rpm shaking for four hours. For 15N-labeled or 13C, 15N-labeled proteins, 
cells were cultured with M9 media with 15N-NH4CL or 13C-glucose.  
2.2.6 Protein purification 
Two protocols were used in purification of p130CasSD. In the first one, cells 
were spun down and suspended in 40 mL lysis buffer (8 M urea, 50 mM NaCl, pH 
8.0). After sonication and centrifugation, the supernatant was collected and incubated 
with 5 mL Ni-NTA resin column for 2 hours.  The resin was washed with 50 mL 
washing buffer (8 M urea, 50 mM NaCl, 0-20 mM imidazole, pH 8.0). Proteins were 
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eluted by 3*10 mL eluting buffer (8 M urea, 50 mM NaCl, 150 mM imidazole, pH 
8.0).  
The eluted protein solutions were checked by SDS-PAGE and concentrated to 
4.5 mL. 0.5 mL 100% acetic acid was added into the protein solution and centrifuged 
at 13000 rcf for 30 minutes to remove any precipitants. After being filtered with 0.45 
µm filter, the protein solution was injected into 5 mL HPLC sample loop with 
syringe. Protein was eluted at 70% buffer A and 30% buffer B (buffer A contains 
99.9% H2O and 1% TFA, buffer B contains 99.9% acetonitrile and 0.01% TFA). 
After further purification with HPLC, the protein solution was frozen in liquid 
nitrogen in order to be lyophilized.  
In the second strategy, cells were spun down and suspended in 40 mL lysis 
buffer (20 mM PB, 50 mM NaCl, pH 8.0). After sonication and centrifugation, the 
supernatant was collected and incubated with 5 mL Ni-NTA resin column for 2 hours.  
The resin was washed with 50 mL washing buffer (20 mM PB, 50 mM NaCl, 50 mM 
imidazole, pH 8.0). Proteins were eluted by 3*10 mL eluting buffer (20 mM PB, 50 
mM NaCl, 250 mM imidazole, pH 8.0). Superdex 75 prep grade column was used for 
further purification. 
2.2.7 NMR sample preparation 
The lyophilized protein sample was dissolved into 450 µL NMR buffer (20 
mM sodium phosphate with 5% D2O, 1 mM EDTA, sodium azide 0.01% (w/v), pH 
6.4). The sample used for backbone resonance assignment was 1 mM 13C, 15N-labeled 
p130CasSD. DSS was added as internal chemical shift reference.  
 In urea titration experiments, samples were prepared as described for the 
native state sample except for the buffer containing 2 M urea or 8 M urea. 
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 For PRE experiments, about 3 mg 15N-labeled lyophilized protein sample was 
dissolved into 8 mL 20 mM pH 8 sodium phosphate buffer with 5 mM DTT. After 
incubated for more than 2 hours at 4 °C, protein solution was concentrated and passed 
through a 5 mL Hi-Trap desalting column to remove DTT. The eluted protein was 
immediately added into a labeling buffer (20 mM sodium phosphate buffer, 40 µM 
MTSL, pH 8). The reaction mixture was incubated at 4 °C for 16 hours. The reaction 
mixture was concentrated and passed through a 5 mL Hi-Trap desalting column to 
remove residual MTSL. The eluted protein was concentrated to 425 µL at 
concentration around 0.2 mM. 25 µL D2O and 1 µL 0.5 M EDTA were added into the 
sample to perform NMR experiments. The final concentration of the protein was 
around 200 µM. 
 A sample of MTSL labeled I81C at a protein concentration of 100 µM was 
prepared for PRE experiment. MTSL labeled I81C at a protein concentration of 200 
µM in 2 M and 8 M urea were prepared for PRE experiments, respectively. The same 
experiments were performed on wild type15N-labeled p130CasSD as reference. 
In diffusion NMR experiments, p130CasSD was dissolved in 99.9% D2O, 20 
mM sodium phosphate buffer, at pH 6.4. 1,4-Dioxane was added as internal radius 
reference. Molar concentration ratio of protein to dioxane is 1:3-5. Denatured 
p130CasSD sample was prepared with 8M urea in 99.9% D2O, 20mM sodium 
phosphate buffer, at pH 6.4 with 1,4-dioxane as internal radius reference. 
2.2.8 NMR spectroscopy 
All NMR experiments were performed on a Bruker Avance 800 MHz NMR 
spectrometer with a cryoprobe at 25 °C. 2D 1H-15N HSQC, 1H-13C HSQC, 3D 
HN(CA)N, 3D HN(COCA)N(Liu and Yang 2013) , 3D HNCO, 3D HN(CA)CO and 
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3D (H)CC(CO)NH-TOCSY(Montelione et al. 1992) were performed for side-chain 
carbon and carboxyl carbon assignments of native state p130CasSD. 3D HN(CA)N 
and 3D HN(COCA)N, which were specially developed for backbone assignment of 
IDPs, will be introduced in detail in Chapter 3. 2D 1H-15N HSQC, 3D HN(COCA)N 
and 3D CBCANH were perform to obtain backbone and side-chain resonance 
assignment of denatured state p130CasSD in the presence of 8M urea. DSS was used 
as internal reference.   
The longitudinal relaxation time T1 and the transverse relaxation time T2 were 
measured by a series of experiments with delay time as table 2.1. 
Table 2.1 delay time in T1 and T1ρ experiment 
Delay time 
in T1  (ms) 
0 10 70 170 250 350 460 570 710 
Delay time 
in T1ρ (ms) 
0 1 13 30 50 70 90 110 140 
 
Heteronuclear NOE (hetNOE or hnNOE) was measured with saturation time 
of 3.6 s and inter-scan delay of 3 s.  
The amide hydrogen exchange rates were measured with the use of radiation 
damping(Fan et al. 2011). In order to get reliable results, one reference spectrum and 
a data set of 16 mixing times were used: 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 
160, 190, 220, 260 and 300 ms.  
 Paramagnetic relaxation enhancement (PRE) experiments used two-time-
point measurement to obtain Γ2. 12 mutants (N3C, Q28C, D53C, I81C, G109C, 
L131C, G153C, V183C, E214C, L261C and I295C) and wild type p130CasSD 
transverse relaxation rates were measured with the delay time setting as 20 ms.  
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In PFG  diffusion NMR, the Bruker pulse program ledbpgppr2s were used to 
collect 1D 1H spectra. The gradient strength linearly increased from 2% to 95% of the 
maximum gradient strength in 16 steps, with 100% gradient strength corresponding to 
50 G/cm. For each 1H spectrum 32 scans with a spectral width of 10,870 Hz and 16 K 
complex points were acquired. Signal intensities corresponding to the aliphatic region 
of the 1H spectra were fitted to exponential functions with TOPSPIN.  
2.2.9 NMR data process 
All the NMR spectra were processed with NMRPipe (Delaglio et al. 1995) and 
analyzed with NMRDraw or NMRspy (http://yangdw.science.nus.edu.sg).  
The backbone resonances were assigned with two sets of spectra to confirm 
the accuracy. 3D HN(CA)N, 3D HN(COCA)N and 3D (H)CC(CO)NH-TOCSY were 
used for backbone and side-chain assignment of p130CasSD. 3D HNCO and 3D 
HN(CA)CO were performed to obtain the carboxyl carbon 13C chemical shifts and 
verify the backbone assignment. 3D HN(COCA)N and 3D CBCANH were performed 
for backbone and side-chain assignment of denatured p130CasSD in the presence of 8 
M urea. All backbone and side-chain resonances were assigned with Free3D+, a plug-
in extension of NMRspy developed in this thesis work.  
Considering the effects from neighboring residues on chemical shift, standard 
references used in chemical shift analysis were predicted by ncIDP	   predictor 
(http://nmr.chem.rug.nl/cgi-bin/start_session_FASTA.py). The secondary structure 
propensities of p130CasSD were calculated with the software SSP, version 1.02  
(Marsh et al. 2006) . 
All spectra used to determine protein dynamics, amide hydrogen exchange 
rate and PRE were processed with NMRpipe. Peak pickings were done with 
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NMRDraw. The signal heights of 4*4 points around the peak centre were summed up 
as the intensities. T1, T2, hetNOE, amide hydrogen exchange rates were fitted in 
MATLAB with in-house matlab scripts.  
To calculate the amide hydrogen exchange rate of each residues, the reference 
spectrum and 16 spectra of different mixing times were processed by NMRpipe. The 
change of intensities of each peak with the mixing time was fitted with Equation 2.1 
(Fan et al. 2011) .  𝐼!"(𝑡) is the magenitization of amide proton in each mixing time,  𝐼!"# is the equilibrium magnetization of amide proton, R1 is the relaxation rate of an 
amide proton, f is the fractional steady-state water magnetization. 𝐼!"(𝑡)𝐼!!" = 𝑓×𝑘!"𝑅! + 𝑘!" − 𝑅!! 𝑒𝑥𝑝 −𝑅!! 𝑡 − 𝑡! − 𝑒𝑥𝑝 − 𝑅! + 𝑘!" 𝑡 − 𝑡!  
Equation 2.1 
In PRE analysis, the 1H PRE rates (𝛤!) were determined using equation 2.2, 
where 𝑅!,!"#"/!"# is the R2 in the paramagnetic or diamagnetic state, 𝐼!"#"/!"# is the 
peak intensity in the paramagnetic or diamagnetic state, 𝑇!/! is the delay times used 
in the experiment. 
𝛤! = 𝑅!,!"#" − 𝑅!,!"# = !!!!!! 𝑙𝑛 !!"#(!!)!!"#"(!!)!!"#(!!)!!"#"(!!)                    Equation 2.2 
The errors (𝜎 𝛤! ) were calculated from the equation 2.3, where 𝜎!"#"/!"# is the 
noise/signal ratio of each peak.  
𝜎 𝛤! =    !!!!!! !!"#!!"# !! ! + !!"#!!"# !! ! + !!"#"!!"#" !! ! + !!"#"!!"#" !! !    Equation 2.3 
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Distances from the unpaired electric center to each amide proton were 
calculated with the Equation 1.2. Because experiments were performed on 800MHz 
NMR machine, ωH was 5.0265×109 rad/s. Based on the T1 and T2 experimental 
results, τc was setting at 8 ns.   
The diffusion peak intensities were fitted to an exponential function to 
calculate the diffusion coefficients. As knowing the diffusion coefficients of p130Cas 
SD and radius of 1,4-dioxane (2.12 Å), the radius of p130Cas SD was calculated with 
Equation 1.3.  
2.2.10 Dynamic light scattering 
Proteins were dissolved into 20 mM phosphate buffer at pH 6.4 to perform 
dynamic light scattering (DLS) experiments. Before the experiment, protein solution 
was centrifuged at 15000 rcf for 30 minutes in order to remove dust or some large 
particles that may affect the result. 20 µL protein solution from the surface of the tube 
was taken out and loaded into the cuvette. 20 acquisitions were recorded for each 
sample.  
2.2.11 Circular dichroism spectroscopy 
For each circular dichroism (CD) spectrum, 200 µL protein samples at 
concentration 20 µM were added into the 0.1 cm path length cuvette. Protein samples 
at pH from 3 to 10 were recorded on a Jasco J-810 spectropolarimeter at resolution 
0.1 nm. Width of those spectra was from 260 nm to 190 nm. The same buffer sample 
was performed as references. 
2.2.12 Structural ensemble determination 
Conformational ensembles were calculated employing the ensemble module 
EnsembleSimulation  (Clore and Schwieters 2004) and PRE module prePotTools 
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within Xplor-NIH, version 2.36 (SCHWIETERS et al. 2006; Schwieters et al. 2003). 
Each ensemble containing 8 conformers was calculated using PRE restrains and Rh. τc 
was set at 8 ns and the MTSL conformer number was set at 3. PREs and torsion-
angles annealing started from 3000 K to final temperature 25 K with each step 




2.3.1 Molecular architecture of p130CasSD 
 The p130CasSD construct used in this study is from 209->514 of p130Cas of 
Rattus norvegicus. Among the sequence alignment of p130CasSD from various 
sources, Rattus norvegicus, Mus musculus, Homo sapiens and Cricetulus griseus in 
Figure 2.3.1, we notice more than 92% sequence identity. While 15 YXXP motifs are 
identical only one at position 252-255 in Homo sapiens is different and it is YYVP. 
The high conservation of protein sequences across species indicated the important 
functional roles of p130CasSD and specific distributions of YXXP motifs in the 
protein. 
2.3.2 Expression and purification of p130CasSD 
 For p130CasSD expression, a series of experiments were performed to 
optimize the protein expression conditions by adjusting the induction time from 1 hr 
to 4 hr after 1 mM IPTG was added at 37 oC. Sample collected at each 1 hour interval 
and was separated using gel electrophoresis. Result showed that 4 hr is the optimal 
time for expression induction after which most proteins were obtained. The position 
of the induction band was between 40 and 50 kDa of protein markers, which was 
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larger than the molecular weight 34 kDa of p130CasSD. This is consistent with the 
observation for other unstructured proteins, i.e., the apparent size estimated from the 
SDS-PAGE is normally larger the molecular weights. The molecular weight measured 
by Matrix Assisted Laser Desorption/Ionization time-of-flight (MALDI-TOF) mass 
spectrometry was 34.3KDa (Figure 2.3.3). 
 
 
protein name   organism genbank ID % identical sites 
1. p130Cas Rattus norvegicus 6978709           100% 
2. p130Cas isoform A Mus musculus 311771530           96.7% 
3. p130Cas  Homo sapiens  6740102           92.5% 
4. p130Cas Cricetulus griseus 537196018           95.4% 
Figure 2.3.1 Sequence alignments of p130Cas substrate domain from different 
organisms. Sequences labeled1-4 are from Rattus norvegicus, Mus musculus, Homo 
sapiens and Cricetulus griseus separately. The residues of first line above the 
alignment are the common residues shared by all constructs. The colorful blocks of 
second line represent the alignment identity, in which green, olive and red stand for 4, 
3 and 2 identical residues.  
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Figure 2.3.2 p130CasSD expression  
 
Figure 2.3.3 MALDI-TOF mass spectra of p130CasSD 
In order to optimize the purification conditions, harvested cells were 
suspended in 20 mM phosphate buffer and purified by Ni-NTA affinity 
chromatography (Figure 2.3.4). However, serious degradation appeared when using 
size-exclusion chromatography for further purification. Therefore, another 
purification protocol was followed. In this protocol, the harvested cells were 
suspended in 8 M urea for sonication, subsequently inclusion body was separated by 
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high speed centrifugation and the supernatant that contains target proteins was added 
to 5 mL Ni-NTA affinity beads. This step could remove most of impurities (Figure 
2.3.5), and the elution containing the purest target proteins was collected to further 
purify by HPLC (Figure 2.3.6). After complete purification, the protein was 
lyophilized and refolded by dissolving the protein in a buffer containing 20 mM 
phosphate, pH 6.4. The protein obtained using this method was very stable and did 
not degrade at all even after one year.  
 
Figure 2.3.4 Ni-NTA affinity chromatography in PB 8.0 
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Figure 2.3.5 Purification using Ni-NTA affinity chromatography. 
Elute 2-5 were collected for further purification. 
 
Figure 2.3.6 a) HPLC profile of p130CasSD.  
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High concentration of urea used in the purification step is a strong protein 
denaturant due to its disruption of non-covalent bonds in proteins. Consequently, in 
order to confirm if p130CasSD collected by the Urea-HPLC method has the same 
structure as the native form, CD and 1H NMR spectra were collected for protein 
obtained from both the different purification methods: 1. Purification by HPLC and 
refolded in a native buffer; 2. Purification by FPLC without use of urea. CD spectra 
show that the purification products from the two methods behaved similar in far-UV 
(260 nm – 190 nm) region (Figure 2.3.7). Figure 2.3.8 shows that aliphatic proton 
signals from native state protein and refolded protein overlapped well in 1H NMR 
spectra, indicating that the protein refolded correctly in buffer solutions. Results of 
CD spectra, together with that of 1H NMR spectra, demonstrate that Urea-HPLC 
method is a more suitable method for p130CasSD purification which not only ensured 
the purity and stability of protein products, but also retained the folding properties of 
the protein. 
Figure 2.3.7 CD results of different methods purified p130CasSD 
Black line represents CD results of native state p130CaSD. 
 Red line represents CD results of refolded p130CasSD. 
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Figure 2.3.8 1H NMR spectra of different methods purified p130CasSD 
Green line represents 1H NMR of native state p130CaSD 
 Red line represents 1H NMR of refolded p130CasSD. 
 
2.3.3 NMR resonance assignment of p130CasSD 
NMR backbone resonance assignments of p130CasSD in 20 mM phosphate 
buffer were obtained with 3D-HN(CA)N and HN(COCA)N, which is described in 
Chapter 3 thoroughly. Except for 64 Pro, 4 residues H44, H45, S46 and H192 did not 
display observable 1H-15N HSQC cross-peaks, all other 238 residues were assigned 
(Figure 2.3.9). Side-chain carbon and carboxyl carbon resonances were obtained with 
3D-CC(CO)NH TOCSY, 3D HNCO and 3D HN(CA)CO respectively. Under 
denaturing condition (20 mM PB, 8 M urea, pH6.4), peaks of p130CasSD in 1H- 15N 
HSQC spectrum shifted so significantly that we could not assign them by comparing 
it with the spectrum under the non-denaturing condition (Figure 2.3.11). Therefore, 
another set of 3D-HN(COCA)N and CBCANH experiments were performed on 
p130CasSD under denaturing condition to obtain backbone and side-chain 
assignments. Except for H44, H45, V71, V84, H192 and H193, other 236 non-Proline 
residues were assigned (Figure 2.3.10). 
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Figure 2.3.10 1H-15N HSQC spectrum of denatured p130CasSD 
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Figure 2.3.11 Overlay of 1H-15N HSQC spectra of denatured (red) and non-
denatured (black) p130CasSD a) Full view b) Zoomed in view 
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2.3.4 Data deposition 
The chemical shifts of backbone 1HN and 15N spins were deposited in 
Biological Magnetic Resonance Bank (BMRB) database under the accession code 
16912. 
2.3.5 Characterization of local structure of p130CasSD  
With 64 prolines throughout the whole sequence, its secondary structure 
prediction by PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred) shows unstructured in 
most parts of p130CasSD (Figure 2.3.12). To further characterize the local structure 
of p130CasSD, chemical shift index (CSI) of δCα (Cα-Cαref), δCα-δCβ ((Cα-Cαref)-(Cβ-
Cβref)) and δCO(CO-COref) were calculated with predicted chemical shifts as 
references (Figure 2.3.13-15). Normally, α-helix exhibits consecutive positive δCα , 
δCα-δCβ and δCO values, while β-strand displays negative values. Although the CSI 
of p130CasSD did not show patterns as well-folded proteins do, the protein definitely 
showed different behavior from a random coil protein since several regions in CSI 
show consecutive negative values and these regions are likely to contain residual β-
strand structures. Determined based on the chemical shift of 13Cα and 13Cβ, 
secondary structure propensities (SSP) (Marsh et al. 2006) can provide more reliable 
information on residual secondary structure since they are independent of chemical 
shift reference and specially designed for analyzing IDPs. Positive SSP scores 
indicate α-helix propensities while negative scores represent β-strand structures. In 
the case of p130CasSD, most regions showed that negative scores were larger than -
0.5 except for several short motifs and positive scores smaller than 0.2 (Figure 2.3.16).  
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Figure 2.3.12 Secondary structure prediction of p130CasSD by PSIPRED. 
 
Figure 2.3.13 Chemical shift index of p130CasSD δCα 
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Figure 2.3.14 Chemical shift index of p130CasSD δCα-δCβ 
 
Figure 2.3.15 Chemical shift index of p130CasSD δCO 
 
Figure 2.3.16 Secondary structure propensity of p130CasSD 
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2.3.6 Paramagnetic Relaxation Enhancement (PRE) 
 PRE experiments on 12 MTSL labeled single-cysteine mutants (N3C, Q28C, 
D53C, I81C, G109C, L131C, G153C, V183C, E214C, I237C, L261C and I295C) 
were performed to detect long distance interactions of p130CasSD (Figure 2.3.17). 
All PRE values were in the region from -5 to 70, in which higher PRE values 
indicates nearer distances between the residue and the labeling site. Gaps in the 
figures near each labeling site were caused by the strong relaxation enhancement that 
leads undetected signals when the distance to the spin labels is too close (commonly 
less than 10 Å). Other gaps were because of prolines or overlapped peaks in the 2D 
HSQC spectra. The results suggest that globular fold exists in p130CasSD since PREs 
between residues far from labeling sites have been detected. To prove this hypothesis, 
PREs of p130CasSD were simulated by Flexible-meccano method, which generates a 
pool containing 10,000 random coil structures and calculates average PREs of them 
(Figure 2.3.18). Blue line in Figure 2.3.18 represents average simulated PREs of 
G153C in the form of intensity ratios (ratio of NMR signal intensities in paramagnetic 
state to diamagnetic state). Lower ratio indicates stronger relaxation enhancement, 
thus indicating lower the ratio closer they are in space. Different from long distance 
PREs which had been obtained in experimental results (black columns), only residues 
sequentially close to the MTSL labeling site showed obvious PRE phenomena 
(intensity ratio less than 0.8) in simulation.  
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Figure 2.3.17 PRE of spin labeled p130CasSD   
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Figure 2.3.18 Simulated PRE intensity ratios by Flexible-meccano (Blue line) 
comparing to experimental PRE intensity ratios of G153C. 
PRE experiments of p130CasSD (I81C) in the presence of 0 M, 2 M and 8 M 
urea were performed in the form of intensity ratio (showed in Figure 2.3.19) to further 
reveal the structure of p130CasSD. In the PRE experiment of I81C without urea, the 
intensity ratios distributed from 0.15 to 1.2 (Figure 2.3.19 a) whereas in the presence 
of 2 M urea and 8 M urea, intensity ratios of those regions which are spatially close 
the labeling site in the absence of urea increased to a similar level with other regions 
(Figure 2.3.19 b and c). The distribution of PRE intensity ratios from 0 M, 2 M and 8 
M urea shown in Figure 2.3.20 implied that with the increase of urea concentration, 
the folding of p130CasSD is jeopardized, leading to the result that only PREs of 
residues sequentially close to the labeling site could be observed.  
Both PREs of random coil simulation and of denatured p130CasSD showed 
significant differences from PREs in normal solution conditions, suggesting that the 
structure of p130CasSD could not be totally disordered and some globular fold must 
exist.  
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Figure 2.3.19 a) PRE of MTSL labeled p130CasSD (I81C) in buffer.                     
b) PRE of MTSL labeled p130CasSD (I81C) in the presence of 2M urea. 
c) PRE of MTSL labeled p130CasSD (I81C) in the presence of 8M urea.  
Blue line and red line are limit set at 0.9 and 0.6, where in the presence of 
urea, most residues have intensity ratios located in this region  
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Figure 2.3.20 Distribution of intensity ratios of PREs in 0 M (blue), 2 M (orange) 
and 8 M urea (grey). 
2.3.7 Structural Ensemble Calculation 
980 PREs obtained from PRE experiments of Q28C, L131C, G153C, V183C, 
I237C, L261C and I295C were utilized in structural ensemble calculation with Xplor-
NIH prePot using simulated annealing. Two lowest energy ensembles out of 40 
ensembles, which were calculated with each one consisting of 8 equal weight 
conformers, have q-factor values around 0.310. The ribbon ensemble with lowest 
energy and fitting q-factor (0.203) was elucidated in the following part (Figure 2.3.21) 
Charged and hydrophobic surface of one conformer is shown in Figure 2.3.22, where 
negatively charged, positively charged and polar residues are in red, blue and light 
blue respectively, while hydrophobic residues were colored from yellow to white 
based on normalized hydrophobicity values. Analysis of the ensemble suggested that 
the protein might be folded from some internal hydrophobic interactions such as two 
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examples in Figure 2.3.23. In the conformation shown if Figure 2.3.23a, the distance 
between V299 and V108 is 4.6 Å, while the distances are 3.6 Å and 4.0 Å from F38 
to P288 and F229 respectively, which were located in the estimate region of 
hydrophobic interactions. From the structure, repulsive charge-charge interactions 
might exist because like charges such as E155 and D291 are in close proximity 
(Figure 2.3.24). These charge-charge interactions could be further concluded from the 
decrease of hydrodynamic radius (Table 2.3.1) and shifts of carbon hydrogen signal in 
PGF diffusion NMR in high ionic solution condition (300 mM NaCl).  
Among the 306 residues of p130CasSD, charged residues and hydrophobic 
residues are located dispersedly all over the protein, bringing about the occurrence of 
hydrophobic interactions in lots of dispersed positions other than in consecutive sites, 
thus leading to inability of maintaining strong and compact folding. This relatively 
weakly folded structure which is highly conserved across species can perform its 
biological function by allowing phosphorylation of some of the 15 YXXP motifs only 
under some specific conditions. Previous study revealed that some portion of 
tyrosines in YXXP motifs could be phosphorylated, within which the phosphorylation 
level could be elevated by inducing external extension of p130CasSD. In each 
conformer of the ensemble, on an average 7 out of the 15 Tyr from the YXXP motifs 
are buried inside the protein cavity making it difficult to be phosphorylated by Src. 
Tyrosine of 157YDTP160 and 196YDVP199 were buried inside across all 8 conformers, 
while tyrosine of 262YDVP265 is located in the outer surface of every conformer. 
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Figure 2.3.21 Structural ensemble of p130CasSD. a) 8 conformers of the ensemble 
are shown in light grey as one conformer is colored in red. b) 8 conformers 
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Figure 2.3.22 Surface plot of one conformer of p130CasSD. Negatively charged 
residues are colored in red; positively charged residues are colored in blue; polar 
residues are colored in light blue. Hydrophobic residues are colored from yellow to 
white based on normalized hydrophobicity values: Phe (100) for yellow and Gly (0) 
for white. 
 
Figure 2.3.23 Hydrophobic interaction induced globular folding of p130CasSD. a) 
and b) Ribbon and surface plot of hydrophobic interactions between V299 and V108. 
c) and d) Ribbon and surface plot of hydrophobic interactions between F238 and P228, 
F229. 
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Figure 2.3.24 Charge-charge interaction induced globular folding of p130CasSD 
Ribbon and surface plot of charge-charge interactions between E155 and D291. 
For the ensemble of the lowest energy, PREs conducted from the structures 
were compared with experimental PREs to check the fitting errors in structure 
determination. Figure 2.3.25 shows that calculated PREs fit well to experimental 
PREs in most of the situations. Among the 7 PRE experiments only the ones in N-
terminus for Q28C and L131C mutants did not show good fit.  .  
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Figure 2.3.25 PREs calculated from ensemble structures (red dot) comparing 
with experimental PREs.  
2.3.8 Protein dynamics 
15N relaxations data of p130CasSD (15N R1, 15N R2 and {1H}-15N hetNOE) 
can provide reliable measurement of backbone flexibility as larger R2 values and 
hetNOE values indicate more limited backbone motions (Figure 2.3.26-28). 
Comparing 15N R2 plot with hetNOE plot of p130CasSD (Figure 2.3.29), a 
conclusion can be reached that several fragments such as 3NVYLVPTPS11, 104VPT106, 
125DTPRHLLA132 and 233RHPLIL238 appeared to be more rigid than their surrounding 
regions. Negative hetNOE values and small R2 values indicated the C-terminus is 
highly flexible.  
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Figure 2.3.26 15N R1 of p130CasSD, 20 mM PB, pH 6.4, 298 K. 
 
Figure 2.3.27 15N R2 of p130CasSD, 20 mM PB, pH 6.4, 298 K. 
Figure 2.3.28 HetNOE of p130CasSD, 20 mM PB, pH 6.4, 298 K. 
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Figure 2.3.29 Overlay of HetNOE and 15N R2. 
2.3.9 Amide hydrogen exchange and Hydrophobicity analysis 
 Prediction of amide hydrogen exchange rate (kex) of p130CasSD as a random 
coil structure was done via SPHERE (http://www.fccc.edu/research/labs/roder/sphere/ 
), which considers factors in multiple aspects when estimating kex (Yu-Zhu Zhang 
1995; Bai et al. 1993). kex of p130Cas was also measured through a series of NMR 
experiments with 16 different mixing times (Fan et al. 2011). Through comparing the 
experimental kex with pridicted kex, we revealed that about 20% of the data has 
significant differences (error>5%) from each other (Figure 2.3.30). Among them, 3 
fragments, 11SKT13, 34QTSTFSK40 and 75AGTGHD80, display higher experimental kex 
values than predicted ones and relatively lower R2 values than average. Some 
residues, 15QG16, S190,G292 showing lower kex, indicates these regions may be less 
water accessable. 
	  	   57	  
 
Figure 2.3.30 Experimental kex of p130CasSD (blue bar) and predicted kex (red 
line) at 298K, pH 6.4 
 
Figure 2.3.31 Hydrophobicity prediction of p130CasSD 
 
Figure 2.3.32 Hydrophobicity (green columns) overlay with 15N R2 (blue line) 
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Hydrophobicity of p130CasSD was characterized by Kyte & Doolittle 
hydropathy plots in Figure 2.3.31 with window size setting at 9 for smoothing 
convolution (http://web.expasy.org/protscale/) (Kyte and Doolittle 1982) . Figure 
2.3.31 shows that the protein is highly hydrophilic with very few hydrophobic patches. 
Some hydrophobic regions of the protein, namely, 3NVYLVPTPS11, 104VPT106 and 
233RHPLIL238, are in accordance with relatively high 15N R2 values (Figure 2.3.32). 
Some residues from these hydrophobic regions have also been found involved in 
hydrophobic interaction in the calculated structures. The fragment 
292GSVIDDGVYAV302 close to C-terminus also displayed minor hydrophobicity 
while R2 values stayed lower than 4. 
 Combining the analysis of protein dynamics, kex and hydrophobicity, we could 
recognize some specific regions that behaved differently. For example 
3NVYLVPTPS11, 104VPT106and 233RHPLIL238 fragments appeared to be hydrophobic 
and exhibited rigidity with their high R2 value. On the contrary, 11SKT13, 
34QTSTFSK40 and 75AGTGHD80 displayed highly flexible nature  (concluded from 
the low R2 values and high kex) but are actually hydrophilic regions. 
2.3.10 Hydrodynamics radius 
 Hydrodynamics radius (Rh) of p130CasSD was measured using PFG diffusion 
NMR and DLS experiments. Four samples of p130CasSD in 20 mM phosphate buffer 
at pH 6.4, 20 mM phosphate buffer with 0 mM NaCl, 300 mM NaCl, 2 M urea and 8 
M urea were preformed individually for PFG diffusion NMR together with 1,4-
dioxane, whose Rh is 2.12 Å. Since diffusion constant is inversely proportional to Rh, 
the results of p130Cas in buffer without NaCl, 300 mM NaCl, 2 M urea and 8 M urea 
were calculated and listed in Table 2.3.1. For p130CasSD in PB 20 mM, the diffusion 
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constant indicated an Rh of 53.5 Å. In the presence of 2 M and 8 M urea, the Rh 
increased to 66.7 Å and 68.3 Å. These changes of Rh happened when p130CasSD was 
placed under denaturing conditions, together with previous results, demonstrated that 
p130CasSD adopts a structural ensemble that is very different from the random coil 
structure. On the other hand, in PB buffer with 300 mM NaCl, Rh fell to 46.8 Å, 
which supported the finding of repulsive charge-charge interactions in structural 
ensemble.  
Average Rh of p130CasSD obtained from DLS were 4-5 Å larger than in PFG 
diffusion NMR under both denatured and non-denatured conditions (Table 2.3.2). 
However, the increase of Rh values in presence of urea was in agreement with that in 
PFG diffusion NMR. 
Table 2.3.1 Rh of p130CasSD in PFG diffusion NMR  
Buffer condition p130CasSD diffusion constant 
1,4-dioxane 
diffusion constant Rh 
PB 20 mM 3.96E-11 1.00E-09 53.5 Å 
20 mM PB+2 M urea 2.13E-11 6.70E-10 66.7 Å 
20 mM PB+8 M urea 1.80E-11 5.80E-10 68.3 Å 
20 mM PB+300 mM NaCl 4.30E-11 9.50E-10 46.8 Å 
 
Table 2.3.2 Rh of p130CasSD in DLS 
Buffer condition Rh ±error 
20 mM PB 49.1 Å 7.4 Å 
20 mM PB +8 M urea 73.7 Å 15.9 Å 
 
	  	   60	  
   
Figure 2.3.33 DLS measurement of p130CasSD in 20 mM PB, 0 M urea. 
2.4 Conclusion and future work 
We performed a series of NMR experiments to characterize the structure and 
dynamics of p130CasSD. 13Cα, 13CO chemical shifts and SSP indicated its β-strand 
propensity. In the presence of 8 M urea, the properties of p130CasSD exhibited 
distinct changes that its hydrodynamic radius increased, 1H-15N HSQC NMR spectra 
and PRE pattern changed which all together indicated that p130CasSD adopts a 
structural ensemble which is different from the random coil structure. The eventual 
structures of p130CasSD which were mainly brought about by hydrophobic and 
charge-charge interactions maintain a certain degree of balance that can protect half 
of the YXXP motifs from the phosphorylation by kinases. Dynamics studies 
elucidated that some fragments of the protein behaved differently, which may provide 
the evidence that these fragments play important roles in protein functions. To further 
understand functions of p130CasSD, we will optimize the structural ensemble by 
introducing more PREs and other restrains into structure determination. MD 
simulation can be performed to reveal the protein movement and its conformational 
changes in solution.  






HN(CA)N and HN(COCA)N experiments 
for assignment of  large disordered proteins 
3.1 Introduction 
Folded protein usually adopts a unique well-defined three dimensional (3D) 
structure. On the contrary, an intrinsically disordered protein (IDP) can adopt multiple 
conformations in its substantial regions or sometimes throughout its entire sequence 
(Chouard 2011; Dyson and Wright 2005). The unique characteristics of IDPs allow 
them to recognize multiple partners at a reduced affinity with a faster rate of 
association and dissociation (Chouard 2011; Oldfield et al. 2008), to enhance 
specificity with their binding partners, and to facilitate regulation by post translational 
modifications (Lee et al. 2010).  This important class of proteins was largely ignored 
and overshadowed by the success of studies of proteins with specific 3D structures. 
With discoveries of more and more IDPs that carry essential biological functions, 
IDPs have gradually attracted more attention from researchers.  
Due to their high flexibility, IDPs could not reach the requirement of 
homogeneity for crystallization. Therefore, the usage of X-ray crystallography is quite 
limited. Currently, NMR is most suitable for characterizations of IDP structural 
ensembles, internal dynamics, and interactions with their binding partners (Rezaei-
Ghaleh et al. 2012). In such studies, backbone resonance assignment is often the first 
essential step. Due to poor dispersion of 1H and 13Ca and 13Cb chemical shifts for 
IDPs, the sequence-specific assignment methods used for folded proteins usually fail 
for relatively large IDPs (>200 residues). Nevertheless, the good chemical shift 
dispersion of 15N and 13CO spins allows the resonance assignment of IDPs (Dyson 
and Wright 2001). Several experiments generating sequential amide correlations have 
been demonstrated to be suitable for IDPs, including 3D (H)N(CA)NH (or HNN) 
(Panchal et al. 2001; Mukrasch et al. 2009) and 3D (H)N(COCA)NH (or HN(C)N) 
(Panchal et al. 2001) which were also used for folded proteins (Grzesiek et al., 1993; 
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Weisemann et al., 1993; Lohr et al., 2000; Sun et al., 2005; Frueh et al., 2006), 5D 
APSY-HN(CA)CONH (Kazimierczuk et al., 2010), 6D APSY-HNCOCANH (Fiorito 
et al., 2006) and 7D APSY-HNCO(CA)CBCANH (Hiller et al., 2007). Although 
these strategies have been used to study several IDPs, there still remain some 
difficulties in the study of large IDPs.  
In the 5D-7D APSY (automated projection spectroscopy) experiments, cross-
peaks with information of chemical shifts of 5-7 correlated nuclei are obtained from 
the acquired 2D projections of spectra of higher dimensionality. The APSY 
experiments can resolve most assignment ambiguities encountered in the 3D 
experiments which result from similar HN (1H and 15N) chemical shifts, and are more 
suitable for IDPs with highly repetitive sequences.  However, 7D and 5D APSY 
experiments will take a long time for high resolution data acquisition and process. 
Therefore, the requirement of sample stability at high concentration and room 
temperature (298 K) is much higher. Under such conditions, it is difficult for well-
folded proteins to remain stable for a long time, regardless of the fact that IDPs are 
much more easily to be degraded than well-folded proteins. 
Comparing to 7D and 5D APSY, the 3D HNN experiment is easy to perform 
and it can provide sufficient information for assigning relatively small IDPs with the 
conventional assignment method and software tools. Using this experiment in 
combination with (HA)CANH experiment, the assignment of the full length tau 
protein (441 residues) has been achieved by dividing the protein into three overlapped 
fragments (Mukrasch et al. 2009).   
One of the limitations of HNN and (HA)CANH experiments is that they 
cannot provide sequential correlations between non-proline residues and proline 
residues. Since one feature shared by large IDPs is high portion of proline in their 
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sequence, the lack of proline information could lead to ambiguity during backbone 
assigning. Another limitation of this set of 3D experiments is that the redundant intra-
residue correlations could cause intense overlaps in the spectrum, thus making 
backbone resonance assignment of large IDPs difficult. To overcome these two 
limitations, the tau protein had been divided into three pieces for assignment and then 
mapped together in the structure study (Mukrasch et al. 2009). Although using these 
strategies could obtain the backbone assignment for whole protein, some information 
might be missing due to the absence of interaction among different parts during 
spectrum acquisition.  
In the field of IDPs structural study, since the conformational heterogeneity of 
IDP leads to difficulties in crystallization, the most common method to get detailed 
structure information is through solution NMR. In this relatively new area, more and 
more methods have been developed in order to obtain a clear picture of IDPs. To 
understand IDPs fully, there is a need to combine results from different aspects. The 
basis for all other studies is to obtain the backbone assignment of the protein. 
Therefore, HN(CA)N, a strategy of backbone assignment for large IDP has been 
developed to overcome the limitations which mentioned before such as long time data 
acquisition, overlapping and so on.  
3.2 General strategy  
Two new 3D HN-based experiments are proposed for backbone assignment of 
large disordered proteins. The spectra obtained with the new pulse schemes are free of 
redundant diagonal peaks (HiNi-Ni) and provide sequential correlations (HiNi-Ni+1 and 
HiNi-Ni-1) not only between adjacent non-proline residues but also between non-
proline and proline residues.  
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Figure 3.1 shows the pulse scheme for correlating backbone amide spin pair 
1Hi15Ni with spin 15Ni-1 in its preceding residue and 15Ni+1 in its following residue.  All 
narrow (wide) rectangular pulses are applied with a flip angle of 90° (180°). The 
carriers are centered at 4.7 and 119 ppm for 1H and 15N, respectively. The 13C carrier 
is placed at 56 ppm in (a), while it is set at 56 ppm during the period between points P 
and U and 176 ppm during other periods in (b). The 1H shaped pulse (90°) has a one-
lobe sinc profile (1.0 ms). All 13C 90° and 180° pulses (open rectangles) are applied 
with field strengths of D/√15 and D/√3, respectively, where D is the resonant 
frequency difference of 13Ca and 13C’ spins. The shaped 13C 180° pulses have a 
REBURP profile (400 us) centered at 42 ppm. The shaded rectangle 13C pulse applied 
in the middle of the t1 period in (b) is a composite 180° pulse (90x180y90x) with 
carrier centered at 56 ppm. Bloch-Siegert compensation pulses are applied at the 
positions indicated by ‘bs’. The 1H decoupling field strength is 5 kHz. Quadrature 
detections were achieved using State-TPPI of φ1 for t1 dimension and the enhanced 
sensitivity pulse field gradient method (Kay et al., 1992) for t2 dimension, 
respectively. The peak strengths of sine-shaped gradients with duration of 1 ms were: 
G1 = 10 G/cm, G2 = 30 G/cm, G3 = 15 G/cm, G4 = 25 G/cm, G5 = -40 G/cm, G6 = 
17.5 G/cm, G7 = 4.05 G/cm. In (a), the delays used were: α = 2.5 ms, β = 5.4 ms, χ = 
1.1 ms, ε = 13 ms, ρ = 14 ms, A = 4.5 ms – 0.5t1’, B = 4.5 ms, C = 0.5t1 – 0.5t1’, D = 
0.5t1, E = ε – 0.5t2 and F = ε - β + 0.5t2; the phase cycling used was: φ1 = x, φ2 = x, 
x, -x, -x, φ3 = x, x, x, x, -x, -x, -x, -x, φ4 = y, -y, φ5 = x, φ6 = x, -x, y, -y, φ7 = y, φrec = 
x, -x, -x, x. In (b), the delays used were: α = 2.5 ms, β = 5.4 ms, χ = 1.1 ms, ε = 15 ms, 
δ = 4.5 ms, ρ = 12.5 ms, A = 0.5t1, B = 0.5t1, E = ε – 0.5t2 and F = ε - β + 0.5t2;  the 
phase cycling used was: φ1 = x, φ2 = x, x, x, x, -x, -x, -x, -x, φ3 = y, -y, φ4 = x, φ5 = x, 
-x, y, -y, φ6 = y, φrec = x, -x, -x, x.  
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Figure 3.1 Pulse schemes for HN(CA)N (a) and HN(COCA)N (b) 
experiment. 
 
One-bond and two-bond couplings (JNH, JNC’, JNCa and 2JNCa) are utilized to 
transfer magnetizations from backbone amide spin 1HNi to the target spins via a 
number of INEPT transfer steps (Fig. 3.2a). At point R in Fig. 3.1a magnetizations 
NizCaizNi+1y and NizCai-1zNi-1y contributing to sequential correlations are generated, 
while magnetizations NixCaiyCai-1x and NixCaixCai-1y corresponding to intra-residue 
correlation HiNi-Ni also exist. In order to eliminate the redundant intra-residue 
correlation, a semi-constant-time acquisition mode is introduced into the t1 period 
from point R to S where NizCaizNi+1y and NizCaizNi-1y are encoded with the chemical 
shifts of 15Ni+1 and 15Ni-1 respectively. During this period, NixCaiyCai-1x and NixCaixCai-
1
y are converted into NixCaixC’izCai-1yC’i-1z and NixCaiyC’izCai-1xC’i-1z which cannot be 
transferred back to 1HNiz for detection. During the t1 period, only 15N-13Ca couplings 
are removed, but 15N-13C’ couplings are partially suppressed and reduced from JNC’ to 
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(t1max-2δ)/t1max*JNC’, where t1max is the total acquisition time in the t1 dimension and δ 
= 1/4JCaC’. When t1max = 24 ms and δ = 4.5 ms which were employed here, the 
reduced coupling is about 10 Hz, much smaller than the acquisition resolution and 
will not affect the spectral resolution significantly.  
 
Figure 3.2 Magnetization transfer pathways in HN(CA)N (a) and 
HN(COCA)N experiments. The solid and dashed arrows indicate the out and 
back pathways, respectively. 
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Figure 3.3 Dependences of signal intensities of sequential HiNi-Ni+1 (If) and 
HiNi-Ni-1 (Ip) correlations on delays ρ and ε. 
Neglecting the relaxation effect during the delays α and χ in Fig. 3.1, the 
relative signal intensities for sequential HiNi-Ni+1 (If) and HiNi-Ni-1 (Ip) correlations 
are given by  
]4)244([22222222 22)2(cos)2(cos)2(sin)2(cos)2(sin ρδρερπρπρπεπεπ CaN RRCaCbCaNCaNCaNCaNf eJJJJJI
+++−=    
Equation 3.1 
]4)244([222222 22)2(cos)2(cos)2(sin)2(cos)2(sin ρδρερπρπρπεπεπ CaN RRCaCbCaNCaNCaNCaNp eJJJJJI
+++−=  
Equation 3.2 
In eqs. 3.1 and 3.2, ε, ρ and δ are delays used in the experiments (Fig. 3.1), 
R2N and R2Ca are the transverse relaxation rates of backbone 15N and 13Ca spins. For 
many intrinsically disordered proteins, the average R2N values are relative small, e.g., 
~3.5 s-1 for α-synuclein (15 °C, 800 MHz NMR, pH 6.2) (Kim et al., 2013), ~4 s-1 for 
tau fragments (5 °C, 700 MHz NMR) (Mukrasch et al. 2009) and ~5 s-1 for the protein 
studied here (25 °C, 800 MHz NMR). For a rigid protein with a tumbling time of 2.2 
ns, the R2N, R2Ca, R2C’ (relaxation rate of carbonyl carbon) and R1N (longitudinal 
relaxation rate of 15N) on an 800 MHz NMR spectrometer are 5, 11, 6.3 and 2.6 s-1. 
To compare experimental sensitivities of different pulse schemes, we estimated the 
relative peak intensities for all experiments mentioned in this paper using these 
relaxation rates together with following J coupling constants: JCaN = 10 Hz, 2JCaN = 7 
Hz,  JC’N = 15 Hz, JCaCb = 35 Hz and JCaC’ = 55 Hz.  If and Ip reach maximal intensities 
at slightly different delays (Fig. 3.3). Considering both If and Ip, the delays ε and ρ 
were set as 13 and 14 ms respectively, giving rise to If = 0.026 and Ip = 0.010. In the 
HNN experiment, If and Ip are identical and the maximal intensity is 0.058 (Panchal et 
al. 2001).  
In the 13Ca-15N INEPT version of this experiment, the relative intensities of 
HiNi-Ni+1, HiNi-Ni-1 and HiNi-Ni correlations are 0.031, 0.011 and 0.032 (considering 
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the relaxation effect). In the 13Ca-15N HMQC version of the HNCAN experiment, the 
optimized intensities of HiNi-Ni+1, HiNi-Ni-1 and HiNi-Ni correlations are 0.037, 0.014 
and 0.002. Although the HMQC version experiment is about 40% more sensitive than 
the experiment proposed here, suppression of the diagonal peaks (or HiNi-Ni 
correlations) is incomplete. The residual diagonal peaks for the residues with high 
flexibility can be comparable in peak intensities to the sequential cross-peaks for the 
residues with low flexibility or slow conformational exchange and thus interfere with 
the identification of sequential correlations.  
Although the HN(CA)N experiment proposed here is about two times and six 
times less sensitive than HNN for HiNi-Ni+1 and HiNi-Ni-1 correlations respectively, 
the HN(CA)N spectrum is easier to analyze due to its absence of intra-residue 
correlations. Moreover, unlike the HNN experiment, the HN(CA)N provides 
sequential correlations of a non-proline residue to proline residues. Thus it is easy to 
assign PXP and XPX motifs (where X represents any non-proline amino acid) with 
the HN(CA)N experiment. The out-and-back HNCAN experiment proposed 
previously (Lohr et al., 2000) also gives sequential correlations between non-proline 
and proline residues.  
To differentiate the HiNi-Ni-1 from HiNi-Ni+1 correlations in an HN(CA)N 
spectrum and overcome the poor sensitivity for the HiNi-Ni-1 correlations, one can use 
another out-and-back experiment, HN(COCA)N, to obtain only HiNi-Ni-1 correlations 
with the pulse scheme shown in Figure 3.1b.  In this experiment, the magnetization 
transfer is achieved through one-bond J couplings (Fig. 3.2b). Magnetization NizC’i-
1
zCai-1z at point P in the sequence is generated from 1HNiz of residue i via the first three 
INEPT transfer steps. During the period from P to R, NizC’i-1zCai-1z evolves to become 
NizCai-1zNi-1y. To maximize the magnetization transfer, the one-bond 15N-13Ca 
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coupling (JNCa) is activated but the two-bond coupling (2JNCa) is deactivated by 
creating magnetization NiyC’i-1zCai-1y at point Q, and the transfer time is set to about 
1/JCaCb since the one-bond 13Ca-13Cb coupling interaction is also active during this 
period. During the subsequent t1 period from point R to S, magnetization NizCai-1zNi-1y 
is encoded with the chemical shift of 15Ni-1 of residue i-1. The magnetization 
contributing to the intra-residue correlation is eliminated by phase cycling. The 15N-
13Ca and 15N-13CO couplings are removed by employing a 13C composite 180° pulse 
in the middle of the t1 period. Subsequently, the magnetization is transferred back to 
15Ni and is encoded with the 15Ni chemical shift during the constant-time t2 period 
from V to W. Finally, the magnetization is transferred back to 1HNi for detection.  
The cross-peak intensity (Ip) is given by 
I p = sin2(2π JNC 'ε)sin4(2π JC 'Caδ)sin2(2π JCaNρ)cos2(2π JCaNρ)cos2(2π JCaCbρ)e−[R2N (4ε+4ρ )+2R2COδ+4R2CAρ ]  
Equation 3.3 
The maximum intensity of the HiNi-Ni-1 correlation is 0.062, smaller than that for the 
previously proposed HN(C)N experiment (0.145), but similar to that for the HNN 
(0.058). Despite its lower sensitivity in comparison with HN(C)N, the HN(COCA)N 
shown here is free of diagonal peaks, which is critical for backbone assignment of  
large disordered proteins using 3D experiments.  
3.3 Method and material 
3.3.1 Protein sample  
The two experiments proposed here were demonstrated on the substrate 
domain of rat p130Cas (p130CasSD), which is an intrinsically disordered protein 
domain. p130CasSD consists of 306 amino acids including 64 proline residues and 
contains 15 YXXP and 8 PXP motifs (Fig. 3.4). Upon phosphorylation of the tyrosine 
in the YXXP motifs, p130CasSD can bind many SH2- or PTB-containing proteins 
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and then triggers downstream biological activities. Unlike other proteins, p130CasSD 
is phosphorylated much more efficiently under mechanical stretching and thus named 
as a mechno-sensor protein (Sawada et al., 2006).    
3.3.2 NMR spectroscopy 
NMR experiments were performed on a sample of 1 mM 13C,15N-labeled 
p130CasSD, 20 mM sodium phosphate and 5% D2O (pH 6.8). 3D HN(CA)N, 
HN(COCA)N and HNN were acquired at 25 °C on a Bruker 800 MHz spectrometer 
equipped with a cryo-probe. Each 3D data set was comprised of 45x45x640 complex 
points with spectral widths of 1865, 1865 and 11160 Hz in F1(15N), F2(15N) and 
F3(1H) dimensions. 8 scans were accumulated for each point in the indirect 
dimensions with a relaxation delay of 1 s, resulting in a total of experimental time of 
22.5 h for each 3D experiment. 
PDNVYLVPTP	  	  	  SKTQQGLYQA	  	  	  PGPNPQFQSP	  	  PAKQTSTFSK	  	  QTPHHSFPSP	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  PGSPAQDIYQ	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  DGSVIDDGVY	  
AVPPPA	  
	  
Figure 3.4 Amino acid sequence of p130CasSD. YXXP motifs (7 YDVP, 3 YQVP, 
2 YDTP, 1 YLVP, 1 YQAP, 1 YAVP) are underlined, while PXP motifs are in red. 
 
3.4 Results and discussion 
For p130CasSD, excepted for 64 Pro, 241 HiNi-Ni+1 and 242 HiNi-Ni-1 
correlations are expected in HNN spectrum and HN(CA)N spectrum respectively. In 
the HNN spectrum, 169 HiNi-Ni+1 and 167 HiNi-Ni-1 correlations were unambiguously 
identified. In the HN(CA)N spectrum, 213 HiNi-Ni+1 and 214 HiNi-Ni-1 correlations 
were well resolved, while 48 cross-peaks were involved in peak overlaps. In the 
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HN(COCA)N spectrum, except for 4 residues (H44, H45, S46 and H192) which did 
not display observable 1H-15N HSQC cross-peaks, the HiNi-Ni-1 correlations of all 
other residues (238) were unambiguously detected. With use of both HN(CA)N and 
HN(COCA)N, all expected HiNi-Ni+1 correlations (237) were identified except for 
those from H44-S46 and H192 (Table 3.1).  




HN(COCA)N HNN HNN 
Correlations HiNi-Ni-1 HiNi-Ni+1 HiNi-Ni-1 HiNi-Ni+1 
Expected 242 241 242 241 
Identified 238 237 167 169 
Missing caused by Proline 44 42 
Missing caused by overlapping 27 27 
 
Due to the large size and presence of multiple repetitive motifs, the 1H-15N 
correlations of p130CasSD are highly degenerated (Fig. 3.5). Thus the HNN spectrum 
is too crowded to analyze in some regions since each NH gives rise to three 
correlations (Fig. 3.6a). On the other hand, the HN(CA)N and HN(COCA)N spectra 
are less crowded (Figs. 3.6b and c). In the case where a HiNi-Ni correlation overlaps 
with HiNi-Ni+1 or/and HiNi-Ni-1 correlations (e.g., overlaps of the diagonal peak of 
D218 (in red) with the cross-peak D218-Y217 in Fig. 3.6a and the diagonal of D296 
with cross-peak D296-I295 in Fig. 3.6d), the HNN experiment fails to provide the 
sequential correlation for residue i (e.g., D218-Y217 and D296-I295), but the 
HN(CA)N and HN(COCA)N can provide such correlations (Figs. 3.6a-f). When HiNi-
Ni+1 overlaps with HiNi-Ni-1 or HjNj-Nj-1 (e.g., overlaps of Q118-A119 with K185-
E184 and D218-V219 with R283-E282 in Fig. 3.6b), HN(COCA)N is needed to 
identify sequential correlations for the residues involved in the overlaps (e.g., Q118, 
K185, D218 and R283).  







 spectrum of p130CasSD 
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Figure 3.6 Representative F1(15N)-F3(1H) slices taken from HNN (a, d), 
HN(CA)N (b, e)and HN(COCA)N (c, f). The F2(15N) frequency is shown on the top 
of each slice. The peaks in red are the HiNi-Ni correlations (diagonal peaks) in (a) and 
(d). The diagonal peaks in b, c, e and f are not present, but their locations are marked 
by red “x”. 
 
Figure 3.7 Distributions of intensity ratios of HiNi-Ni+1 peaks in the HN(CA)N 
to those in the HNN spectrum If[HN(CA)N]/If[HNN] (a),  HiNi-Ni-1 peaks in the 
HN(CA)N to those in the HNN spectrum Ip[HN(CA)N]/Ip[HNN] (b), and HiNi-Ni-1 
peaks in the HN(COCA)N to those in the HNN spectrum Ip[HN(COCA)N]/Ip[HNN] 
(c).    
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Figure 3.7 shows the intensity ratios of the peaks observed in the HN(CA)N 
and HN(COCA)N to those in the HNN. Overall, the experimental intensity ratios are 
consistent with the predicted ratios: ~2.2 for If[HN(CA)N]: If[HNN], 5.8 for 
Ip[HN(CA)N]: Ip[HNN], and ~1.1 for Ip[HN(COCA)N]: Ip[HNN]. The large 
distribution of the intensity ratios results from the variations in JNCa and 2JNCa and 
dynamics from one residue to another. Although the HN(CA)N is less sensitive than 
the HNN experiment, more sequential correlations were identified. 
With the nearly complete sequential correlations, assignment of backbone 
amides and proline 15N spins can be achieved using the conventional strategy in 
following four steps. First, clusters are constructed by grouping the HN(CA)N and 
HN(COCA)N peaks with identical NH chemical shifts. Second, HiNi-Ni+1 and HiNi-
Ni-1 correlations are differentiated by comparing HNCA(N) and HN(COCA)N 
spectra, and the locations of HiNi-Ni diagonal peaks are marked in the spectra. In this 
step, amino acid types are roughly classified based on 15N chemical shifts: δ>133ppm 
as Pro, δ <110 ppm as Gly, 110ppm<δ<115ppm as Thr, Ser or Gly, 
125ppm<δ<131ppm as Ala, Leu, Val or Lys.  Only the classification for Pro is 
accurate. Third, connectivity fragments are built from clusters by matching HiNi-Ni 
and HiNi-Ni+1 in cluster i with HjNj-Nj-1 and HjNj-Nj in cluster j respectively. Fourth, 
the fragments are mapped onto the protein sequence based on amino acid type 
information. For p130CasSD, 234 clusters each with one HiNi-Ni-1 and one HiNi-Ni+1 
peak (i.e., each cluster corresponds to a single amide) and 2 clusters each with two 
HiNi-Ni-1 and two HiNi-Ni+1 peaks (i.e., each cluster corresponds to two highly 
degenerate amides) were found. Each of the clusters with two amides was divided 
into four possible sub-clusters by random combinations of two HiNi-Ni-1 with two 
HiNi-Ni+1 peaks. The wrong combinations were ruled out in steps 3 and 4. Except 21 
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clusters, other clusters were uniquely formed connectivity fragments. Among the 21 
clusters, 7 clusters each could match two other clusters, resulting in assignment 
ambiguities. The connectivity breaks at poly-proline sites ([P]n, n≥2), the amides that 
give rise to very weak or no 1H-15N HSQC cross-peaks, and ambiguous sequential 
linkage sites. Thus long connectivity fragments can be established even for proline-
rich proteins. The longest fragment contained 30 residues including two Pro residues, 
while the shortest one contained only two residues. Figure 3.8 shows sequential 
connectivity of one portion (E288-D296) of a fragment. 14 relatively long fragments 
each with >10 non-proline residues were mapped onto the sequence in a 
straightforward manner.  Subsequently, short fragments with 6-7 non-proline residues 
were mapped. Finally, a couple of fragments with only two residues were mapped. 
The assignment ambiguities were resolved in the process of mapping.  Except for 
H44-S46 and H192, all other backbone amides (238) and 60 proline 15N spins were 
assigned.  
P130CasSD contains a significant amount of Pro (20.9%), Gly (6.9%), Ser 
(6.2%), Ala (6.2%) and Thr (4.9%). Thus in the absence of side-chain 13C chemical 
shifts, there is no difficulty to map the fragments onto the sequence. If a large IDP 
consists of small numbers of Pro and Gly, one can record a (H)C(CO)NH-TOCSY 
(Montelione et al., 1992) experiment to determine the amino acid types of clusters. 
When the amino acid types for most clusters are identified, even short fragments with 
2-3 residues can be easily mapped. A TOCSY experiment had been performed to 
confirm that assignments are correct.    
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Figure 3.8 HN(CA)N F1-F3 slices for residues E288-D296, showing the 
establishment of sequential connectivity based on the match of HiNi-Ni in cluster i 
with HjNj-Nj-1 in cluster j (solid line) and the match of HiNi-Ni+1 with HjNj-Nj (dashed 
line) in F1 frequencies. The F2 15N frequency of each residue is labeled on the top of 
each slice. The peaks in red, which are the correlations between amides (NiHi) and 
their adjacent proline 15N (Ni+1 or Ni-1), are aliased by 23 ppm. 
The amides in the PXP motifs could not be assigned with the HNN and 
HN(C)N experiments since only intra-residue correlations HiNi-Ni are available for 
these motifs. They are also difficult to be assigned with the conventional HN-based 
experiments such as HNCO, HN(CA)CO, HNCA and HN(CO)CA. Using the 
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HN(CA)N and HN(COCA)N experiments, the assignment of such motifs is 
straightforward (Fig. 3.9). After obtaining assignments of backbone amides, one can 
assign side-chains using the TOCSY-based experiments like (H)C(CO)NH-TOCSY 
and (H)CCH-TOCSY (Fesik et al., 1990). To obtain the assignments of proline 




Figure 3.9 HN(CA)N F1-F3 slices for R270, G272 and G274, demonstrating the 
assignment of PXP motifs.  The peaks in red, which are the correlations between 
amides (NiHi) and their adjacent proline 15N (Ni+1 or Ni-1), are aliased by 23 ppm 
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3.5 Conclusion 
In summary, the HN(CA)N and HN(COCA)N experiments proposed here 
provide significantly more sequential correlations than the previously developed 
experiments because they suppress the redundant intra-residue diagonal signals. 
Using these two experiments, nearly complete backbone assignments can be achieved 
for large disordered proteins even with a high percentage of proline residues.  
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Free 3D+: software plug-in for backbone 
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4.1 Introduction 
Free3D+ is used to assist the assignment of backbone resonances of proteins 
as an NMRspy extension. Referring to the design of XYZ4D, Free3D+ is able to 
automatically or semi-automatically match backbone resonances, which can reduce 
the workloads and save time. Free3D+ can be applied to both folded and disordered 
proteins as well as suitable for any possible combinations of 2D and 3D NMR spectra. 
4.1.1 NMRspy 
 NMRspy is an in-house developed software package which could be used to 
visualize and analyze NMR spectra (figure 4.1). In order to run it on different 
operating systems, NMRspy is written in the Java programming language. Java 
platform makes software robust and memory saving while running. NMRView 
(Johnson and Blevins 1994) and Sparky (T. D. Goddard and D. G. Kneller) are two 
broadly used software packages in displaying and managing NMR spectra. Similar as 
NMRView and Sparky, NMRspy provides visualization of multiple NMR spectra, 
peak pickings and some other tools to analyze NMR data set. Besides, it has some 
unique features and advantages.  
The interface is user friendly, with clear helps and instructions for every 
function. Working with aliased peaks on NMR spectra could be easier while using 
NMRspy. The conversion function automatically calculates the visualized chemical 
shift and the possible pre-aliased chemical shift. Moreover, the spectral movement 
and crosshair synchronization function make analysis across different spectra more 
straightforward. NMRspy is capable of picking and adjusting multi-dimensional 
peaks. The project management function saves all the parameters, data sets, display 
attributes, assignments and all useful details about the spectra. Users could open the 
project anywhere even on another computer to continue their study. 
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Figure 4.1.1 Overall control interface of NMRspy 
 NMRspy has various built-in tools for convenient analysis. For instance, the 
easy peaks/atoms/assignment management automatically updates into the project 
database.  Others tools include one-click NOEs to distance restrains, assignment batch 
modification, dihedral angle format conversion, CSI and PRE results processing.  
Another specific feature of NMRspy is plug-in extensions. Before Free3D+, two 
extensions XYZ4D and TOCSY&NOESY have been developed for automatic/semi-
automatic backbone assignment with specific spectra.  
4.1.2 Objectives and advantages 
Even though many software packages can be utilized for displaying and 
analyzing NMR spectra currently, none of them are convenient to operate and time-
saving when dealing with two or more spectra for assignment of backbone or side-
chain resonances and requires users to take long time to find out the possible linkages 
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manually. This problem can be more severe when processing large proteins and 
disordered proteins. Such as p130CasSD, which has more than 300 residues. Its 
narrow spectrum width and poor chemical shift dispersion make assignment more 
difficult. In order to assign backbone and side-chain resonances of p130CasSD using 
3D-HN(CA)N and HN(COCA)N which is mentioned in chapter 3, for each peak 
appeared in HSQC, all the peaks on the corresponding slices in other 3 spectra need to 
be checked and further build the sequential connectivity with other peaks. Obviously, 
it is almost impossible to assign the resonances manually in this case since difficulty 
and complexity of backbone assignments increased rapidly with the increase of 
residue number.  
Hence, Free3D+ is developed to manage and help resonances assignments in 
combination with 2D and 3D NMR spectra freely. Free3D+ was written in Java 
programming language and built in NMRspy 2.0. The construct of Free3D+ has 
referred to the design of XYZ4D, which facilitates the backbone assignments for large 
proteins with 2D-HSQC, 3D-HNCA, 3D-HN(CO)CA, 3D-MQ-CCH-TOCSY and 
4D-13C,15N-edited NOESY (Xu et al. 2006) . While XYZ4D can be only utilized with 
specific spectra set, the Free3D+ can work with a broad range of spectra. Users can 
build a project with any spectra they would like to use, and assign backbone and side-
chain resonances with Free3D+ easily. This extension provides a series of functions 
to reduce users’ workload. Some essential advantages and functions are listed below: 
1. Free combination of unlimited 2D and 3D spectra.  
Free3D+ is capable of dealing with 2D and 3D NMR spectra without any 
further requirements.  Not only widely used 3D spectra like CBCA(CO)NH and 
HNCACB, but also new experiments such as HN(CA)N can be easily fitted into Free 
3D+, by which useful information would be extracted for assignment. Even if the 
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spectrum is newly developed ones, the extension can adapt it by its customization 
function. It allows sequential connection information from more than one pair of 
spectra. For example, in p130CasSD, both matching results from 3D-HNCA and 3D-
HN(CO)CA, 3D-HNCO and 3D-HN(CA)CO were considered in sequential 
connection. More than 10 broadly used NMR spectra parameters have been saved in 
the software in order to be started faster for users.  
2. Amino acid type automatic recognition 
If there are spectra such as CBCA(CO)NH or CC(CO)NH that convey the 
amino acid type information used in the project, the software will automatically 
compare them with the database and suggest amino acid type in the form of scores 
from high to low.  
3. Matching scores with multiple aspects 
While matching the cluster into connective fragments, the software will 
provide matching scores between current cluster and other fragments which can imply 
the possibility of these clusters being next to each other. Matching scores were 
calculated not only based on the chemical shift of the correlations dimensions, but 
also the amino acid type and fragment’s possibility to fit into the protein sequence. 
4. Cluster cards and sequence map 
In traditional assigning procedures, users build clusters and match them into 
fragments. In Free3D+, cluster cards are utilized to manage clusters. The software 
generates cluster card for each cluster, containing amino acid type, sequential 
connections, cluster numbers and mapping energies. When open the sequence map, it 
is straightforward and convenient for users to assign the clusters by putting them into 
the map. Comparing with the old ways in which users need to work with all numbers 
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and write them down on the notebook, Free3D+ is easier to use by visualizing the 
clusters and mapping procedures.    
5. Assign backbone and side-chain resonances 
If all clusters have been mapped, assigning the resonances is a simple step 
since the user has pointed out the types of the spectra. After cluster identification and 
mapping, Free3D+ can assign all the backbone and side-chain resonances 
immediately.    
 
4.2 Interfaces and algorithms 
Free3D+ consists of a main overall control interface and five modules (Figure 4.2.1): 
1. Project Preparation 
2. Spectral Calibration 
3. Cluster Identification 
4. Cluster Mapping 
5. Resonances Assignment 
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4.2.1. Overall interface of Free3D+ 
 
Figure 4.2.2 Main panel of Free3D+ 
 Free3D+ could be activated by clicking on the button “Free3D+” in main 
panel of NMRspy. On the top of Free3D+ main panel is the menu bar, which contains 
three menu lists: project control, spectra control and help. “Free3D+ project” manages 
saving, opening and closing projects. “Open spectrum” is used to open spectra inside 
or outside the current project. “Help” button links to Free3D+ online manual and 
Q&A directly (http://yangdw.science.nus.edu.sg/Software&Scripts/Free3Dplus). On 
the left of the main panel, five buttons link to five modules. To work within Free3D+, 
projects need to go through those five modules one by one. The following sections 
present the details of those modules. 
4.2.2 Project Preparation 
 As the first module of Free3D+, most of the parameters need to be set in 
Project Preparation including protein sequence, spectral resolution and so on. As 
XYZ4D can handle only a predicated number and type of spectra spectral correlation 
information need not be provided here where as Free3D+ can handle multiple types of 
spectra and therefore specifying type of spectra and spectral correlation information is 
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a mandatory step. There are 7 panels in this module and each one has certain usage in 
guiding the users.  
 To build a new Free3D+ project, the first panel (figure 4.2.3), which specifies 
the number of spectra of 2D, 3D and 4D (adaption to 4D is under developing), will 
pop out by clicking on “Project Preparation” button. When the statistics is submitted, 
Preparation panel 2 will display the results and let users confirm again (figure 4.2.4). 
 
Figure 4.2.3 Preparation panel 1 
 
Figure 4.2.4 Preparation panel 2 
The main panel of Project Preparation changes the contents based on the 
values of the previous step (figure 4.2.5). On the main panel, users need to specify the 
spectral name, nucleus types, dimension labels, non-alias signals and spectral 
correlation information. The spectral correlation information will be acquired through 
filling those check boxes with “i”, “i+1” and “i-1”. For example, 3D-HNN spectrum 
has HiNi-Ni+1, HiNi-Ni-1 and HiNi-Ni correlations. Then users should fill in all these 
three check boxes. 3D-HN(COCA)N spectrum has HiNi-Ni-1 correlations and Hi-Ni 
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positions which could be deducted base on the HiNi-Ni-1 correlations. So for 
HN(COCA)N, users should check both “i” and “i-1” boxes.  
 
Figure 4.2.5 Preparation panel 3, main panel. The red box highlights the selection 
of nucleus type of different dimensions. The green box highlights the spectral 
correlations. 
Similar to that in XYZ4D, user needs to update primary sequences and 
spectral resolution of the protein in Project Preparation. Sequence Specification 
(Figure 4.2.6) can import protein primary sequence in the form of one letter or three 
letters. An improvement in Free3D is that the software can extract spectral attributes 
and calculate the spectral resolutions automatically (Figure 4.2.7) with equation 4.1.  𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  (𝑝𝑝𝑚)   =    !"##$  !"#$!(!")!"#$%#&'(  (!"#)×!"#$%&          Equation 4.1  
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Figure 4.2.6 Preparation panel 4, protein sequence  
 
Figure 4.2.7 Preparation panel 5, spectral resolution 
 Pressing the “Peak Picking” button on the main panel of Project Preparation 
could active the Peak Picking dialog (Figure 4.2.8). The contour level of each 
spectrum must be adjusted into an appropriate range. If the level is too high, some 
useful peaks could be missing; on the contrary very low level will increase noise 
which will in turn increase the workload and complication in assignment. 
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Figure 4.2.8 Preparation panel 6, peak picking 
 Besides peak picking, this step provides three options to eliminate or modify 
some redundant peaks. Noise Peak Elimination deletes a series of noise peaks, which 
locate around those extremely strong peaks (Figure 4.2.9). Weak peaks meet the 
following conditions at the same time will be eliminated: 
1. Locating around strong peak  
2. Sharing same x-axis or y-axis positions with the strong peak 
3. Intensities are less than 20% of the strong peak 
4. Peak centers are close enough to each other 
 
Figure 4.2.9 Example of Noise Peak Elimination.  
This function will delete those small peaks near the strong one.  
 
 For more effective peak picking, Over-edge Peak Elimination and Alias-
Corrections, which were developed by Dr Zheng Yu in XYZ4D, were also added into 
peak picking software in Free3D+. Over-edge Peak Elimination groups the paired half 
peaks which near the edge of the spectra into one by comparing their chemical shifts, 
intensities and signal signs. Alias-Correction sets chemical shifts of aliased peaks into 
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proper range during peak picking. Algorithms and details of these two functions can 
be found at http://yangdw.science.nus.edu.sg/Software&Scripts/XYZ4D. No matter 
those three tools are activated or not, users can review and edit the peaks at any time 
during the whole analysis process.  
The last step in Project Preparation is Correlation Grouping in which users 
need to classify the spectral types and matching groups that these parameters will be 
used for assignment in the future. For example, HN(CA)N and HN(COCA)N are in 
group one as “Backbone 1” and  CC(CO)NH,  TOCSY are in group two for side-
chain recognition. HNCO and HN(CA)CO can be classified in to “Backbone 2” if 
these were used together with HN(CA)N and HN(COCA)N. 
 
Figure 4.2.10 Preparation panel 7, Correlation grouping  
 After setting all parameters, the project can be saved as a Free3D+ project 
ending with “.UD”. A folder containing all the necessary information will be 
generated under the same directory. 
4.2.3 Spectral Calibration 
 Calibrating the chemical shift differences among spectra is an important step 
in assignment. Small differences might lead to mismatch especially for the ambiguous 
peaks. Spectral Calibration is a strong tool on fast calibrating spectra in all 
dimensions. All calibrating results will be saved in the project. While matching or 
viewing peaks in the project, calibration results will be applied automatically.  
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An advantage of Spectral Calibration of Free3D+ in comparison  with other 
manual or auto calibrations software is that it will not adjust the spectral center after 
calibration. Traditionally, users or the software will apply the calibrating results by 
modifying center of each spectrum after calibration. The shortcoming of this method 
is that after calibrating for several times, the center of the spectrum might be moved 
to somewhere far from the original and the proper position. In Free3D+, instead of 
changing the spectral center every time, the software saves the results into a 
calibration file which is only utilized in the project. In manipulating spectral 
movement, crosshair localization and calculations in matching peaks all seem the 
same as in the traditional ways, but calibrations in the background have minimize the 
risk of changing the spectral center.  
 This module provides two choices: semi-automatic calibration and fully 
automatic calibration (Figure 4.2.11). Semi-automatic calibration guides users passing 
through every step of calibration. User is able to edit every factor or parameter during 
calibration. Fully automatic calibration presents the calibration results directly (Figure 
4.2.13 a).  After calibrating, users could adjust the calibration results manually on the 
Results Summary Panel (4.2.13 b).  
 
Figure 4.2.11 Spectral Calibration Starting Panel 
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Figure 4.2.12 Isolated HSQC Peaks Selection 
a. Isolated HSQC Peak Selection Panel. b. Selected HSQC peaks  
Semi-automatic calibration starts with isolated HSQC Peaks Selection (Figure 
4.2.12 a). In HSQC spectrum, 10 relatively most isolated strong peaks are selected 
and highlighted (Figure 4.2.12 b). The manipulation in isolated HSQC peaks selection 
is the  same as it in XYZ4D by holding Ctrl and left click on the peaks. Main Control 
And Results Panel will open after determined the selection of isolated HSQC peaks. 
By clicking the “Back” button, users can edit the selection of HSQC peaks again.   
The Main Control And Results Panel list all spectra and dimensions that 
need calibration and their calibrating results (Figure 4.2.13). This unique design in 
Free3D+ makes it easier to manage all the calibration with a comprehensive 
overview. Next to each spectral name, “HN_N” button activates the calibration of HN 
and N chemical shift between HSQC and the current 3D spectrum (Figure 4.2.14). 
Calibration module auto-detects and pairs the strongest peak sharing similar 1H and 
15N chemical shifts with the chosen HSQC peak. The differences of chemical shift 
between those paired peaks are listed next to the peak IDs. The average of the 
differences is presented at the bottom of the calibration panel. Clicking “Display” 
button, users could view the paired peaks. The choice of paired peaks could be 
changed using “Change” button. And un-checking the check box before the peak IDs 
will let the module ignore those differences while calculating the final system errors. 
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Users can  press the “Update” button at the bottom of the panel to update the new 
calibration results.  
 
Figure 4.2.13 Main control and results panel of Spectral Calibration 
 
Figure 4.2.14 HN_N Calibration Panel 
The calibration on other dimensions is similar to HN and N calibration. The 
software groups the peaks from 3D spectra into pairs by detecting the chemical shift 
of peaks in the slice corresponding to each isolated HSQC peak.  
	  	   96	  
After calibration, users can save the calibration file, which includes the peaks 
used for calibrating and the final results. Users can export this file and apply it on 
other projects. 
 
4.2.4 Cluster Identification 
 In Cluster Identification, peaks from all spectra will be grouped into clusters, 
which is the basic unit representing a residue and its related correlations in Cluster 
Mapping, according to HN and N chemical shifts. Users need to identify authentic 
clusters, delete deceptive ones, distinguish suspected ones, separate overlapped ones 
and determine the amino acid types in Cluster Identification, which is the last 
preparation step before mapping. The program still provides both fully automatic and 
semi-automatic cluster identification (Figure 4.2.15 a). If the spectra are crowded or 
have poor signal to noise ratio, semi-automatic identification is strongly 
recommended. In semi-automatic, the program builds clusters at the beginning, and 
then users inspect and refine clusters one by one. 
User can save the partial inspection results and load previous work anytime by 
choosing Inspect Cluster Identification Results on the Starting Panel (Figure 4.2.15 
b), that means the inspection does not need to be done continuously.  If the project 
detects that Identification has begun, the new request on semi- or fully automatic 
identification will not start until users assure it (Figure 4.2.15 c).  
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Figure 4.2.15 Cluster Identification Starting Panel 
Based on the peak picking information, the program will classify the clusters 
into five categories: normal, suspected, overlapped, corrupted, and side-chain. 
Different from XYZ4D which only processes HNCA and HN(CO)CA in this step, 
Free3D+ deals with all the spectra at the same time. This module automatically 
recognizes i/i-1/i+1 peaks based on the spectral correlation information which is set in 
Project Preparations step. When a particular cluster is being inspected all the spectral 
slices corresponding to that HN and N chemical shifts in all the spectras are displayed 
(Figure 4.2.16).  Vertical grids representing the HN chemical shift of the cluster will 
appears on spectra with the cluster ID on top. Users can manually add missing peaks 
into the cluster, delete unexpected peaks, define i/i-1/i+1 peaks and separate 
overlapped cluster into two or more clusters. Another feature that is exclusive in 
Free3D+ is that if there is one or more spectra such as 3D-CC(CO)NH-TOCSY that 
contains 13Cα and 13Cβ chemical shifts, program will use them to calculate possibility 
of amino acid type of the residues (Figure 4.2.16).  These possibilities are represented 
by scores from 0 to 100 of an amino acid type or group consisting of some amino acid 
that hard to differentiate. Depending on the spectrum used in determination of amino 
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acid type, the amino acid type can belong to either the residue of the cluster represent 
or the preceding residue. If the amino acid types of both the current and the preceding 
residues from the same cluster are recognized, that can be a large help in Cluster 
Mapping. 
 Those clusters assigned to normal or suspected group will be used in the 
module Cluster Mapping. To prevent incorrect cluster information which may lead to 
mismatching between clusters, ambiguity in clusters need to be dealt carefully. The 
program supports editing clusters if some mistakes of clusters appeared during Cluster 
Mapping. 
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Cluster Mapping is the core module of Free3D+. In this module, the clusters 
that built in Cluster Identification will be assembled to sequential linked fragments 
and mapped into the protein sequence map eventually. Again, the program has 
automatic and semi-automatic mapping functions (Figure 4.2.17). The program will 
automatically calculate scores for two clusters based on the chemical shift differences, 
amino acid types and all other valuable data.  
 
Figure 4.2.17 Cluster Mapping Preparation Panel 
The procedures in semi-automatic mapping are 
1. Set weighing-factors and base-scores.  
2. Check one cluster and their matching scores list to find the sequentially 
neighbored clusters.  
3. Build the connections and jump to the sequentially preceding/continuous 
cluster to determine its sequentially consecutive connections till the 
linkage stops. Once work on one cluster, try to assemble the fragments as 
long as possible. 
4. Check another isolated cluster and repeat step 2 and 3.  
5. Open the sequence map; assign fragments into the map according to the 
amino acid type and the length of the fragments. 
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In fully automatic mapping, the program will do the work above and presents 
the filled sequence map to the user. 
Weighing-factors and base-scores are two parameters that will be used in 
calculating the matching scores. While inspecting a cluster, the program compares 
chemical shifts of specific peaks of this cluster with others. The selection of peak 
depends on the spectral type and correlation grouping data which have been set in 
Project Preparation.  
The matching score is calculated based on the differences of the chemical 
shifts of the third dimensions. For example, if we use HN(CA)N and HN(COCA)N 
for matching, the parameters used in calculation in matching scores were Ni+1/Ni  
from cluster A and Ni/ Ni-1 from cluster B (Table 4.1). Two matching scores, ScoreN1 
and ScoreN2 will be calculated in the following equations.  
𝑆𝑐𝑜𝑟𝑒𝑁1     =   𝑏𝑎𝑠𝑒 + (100− 𝑏𝑎𝑠𝑒)×𝑒! !!!!!!!!"!×!"#$  
𝑆𝑐𝑜𝑟𝑒𝑁2     =   𝑏𝑎𝑠𝑒 + (100− 𝑏𝑎𝑠𝑒)×𝑒! !!"!!!!!!!×!"#$   
𝑺𝒄𝒐𝒓𝒆𝑵   = 𝑆𝑐𝑜𝑟𝑒𝑁1×𝑆𝑐𝑜𝑟𝑒𝑁2100   
 Nres represents the resolution of this dimension; t is a constant from 2-10 set 
in the program to adjust the score distributions. Besides ScoreN1 and ScoreN2, other 
aspects such as matching of amino acid types will be considered into the 
comprehensive energies  
Table 4.1 Matching factors     
Spectrum Correlations Matching factors 
HN(CA)N HNiNiNi+1/HNiNiNi-1 Ni+1/Ni/Ni-1 
HN(COCA)N HNiNiNi-1/HNiNiNi Ni/Ni-1 
HNCA HNiNiCAi/HNiNiCAi-1 Cai/Cai-1 
HN(CO)CA HNiNiCAi-1 Cai-1 
HNCO HNiNiC'i-1 C'i-1 
HN(CA)CO HNiNiC'I/HNiNiC'i-1 C'i/ C'i-1 
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 Mapping Inspection Panel is used to manipulate the matching process. Buttons 
in the first row control the current working cluster. Beneath the second row, which 
displays the information of amino acid types, two panels listed the candidate of 
preceding/continuous residues in orders of matching score from high to low. When 
the program works on a cluster, all spectra will locate on the slices of the current 
cluster. The program duplicates a series of windows of every spectrum. The 
duplicated windows will locate on the slices of the clusters which users choose from 
the candidate lists. When users decide to build or break a connection between a 
candidate and the current cluster, they could simply click the apply/cancel button. 
After a connection is established, the Cluster ID of the preceding/continuous residues 
will be shown above the cluster list. User could lock/unlock this connection by 
pressing the button with a lock icon. A locked connection could not be separated 
while viewing the protein sequence map. The yellow background color of a cluster in 
the list indicates that this cluster is locked to others. With partially or fully finishing 
the matching and connecting of the cluster, user could open the sequence map and 
start to put the fragments into the map (Figure 4.2.19). 






















Figure 4.2.19 Cluster Card 
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The project prepares one cluster card corresponding to each cluster (Figure 
4.2.19). The cluster cards will be updated automatically if the clusters are modified 
back in the Cluster Identification module. The basic design of the Cluster Card is 
similar to that in XYZ4D, except for matching energies on top and amino acid types 
of itself or preceding residues located below the cluster ID. Matching energies on the 
top of each cluster card are several colorful bars corresponding to every aspect used in 
matching. The total matching energy is displayed at the bottom of the card. Color of 
the bar varying from green to red corresponds to the energy from low to high in which 
lower energy indicates better matching result. If users open the sequence map before 
matching the clusters, all clusters will be listed beneath the protein sequence 
independently. With every connection built, those clusters or cluster fragments will be 
linked together with a yellow knot in the center indicating their connections (Figure 
4.2.19, Figure 4.2.10). If wrong matching was found while putting them into the 
sequence map, middle click on the knot could break the connection.  
In this module, what users need to do is to connect clusters into fragments 
carefully and put fragments into the map as many as possible. The score system 
automatically analyzes clusters and presents the most probable ones. Visualizing 
mapping procedure using cluster cards and sequence map makes the mapping clear 
and straightforward and changes this tedious and time-consuming work into a fun 
puzzle. 
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4.2.6 Resonances Assignment 
  After clusters were mapped into the sequence map as many as possible, users 
could move forward to Resonances Assignment. Once a cluster is mapped, all the 
peaks from the cluster could be easily assigned (Figure 4.2.21). All attributes of the 
peak will automatically be updated in the peak lists and atom lists. The chemical shift 
of each atom will be calculated by averaging its chemical shifts from all related peaks. 
The program will generate new datasets with the assigned results in the same 
directory of old datasets. Users can load, view and edit these datasets inside or outside 
of the Free3D+ project.  
 
Figure 4.2.21 Resonances Assignment Panel 
4.3 Results and discussion 
 Free3D+ has been utilized on resonances assignment of three proteins. 
P130CasSD, an IDP with 306 residues, was assigned twice with 2 sets of different 
NMR spectra separately. The first strategy was 2D-1H-15N HSQC, 3D-HN(CA)N and 
3D-HN(COCA)N, in which only 4 residues were missed besides 64 prolines of 
p130CasSD (Figure 3.5). Specially designed for large IDPs, it only took 4 days on 
backbone assignments of p130CasSD within this strategy. The second strategy was 
2D-1H-15N HSQC, 3D-HNCA, 3D-HN(CO)CA, 3D-HNCO, 3D-HN(CA)CO, 3D-
CC(CO)NH, 3D-HNNNOE and 3D-HNCNOE. More than 95% of the backbone 
resonances were unambiguously assigned excepted for 8 residues. While assigning 
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p130CasSD with the second strategy, the work was done without referring to the 
result of first one.  
N-terminal domain of AcSp (141 residues), one kind of spider silk protein, 
was assigned with 2D-HSQC, 3D-CBCA(CO)NH and 3D-HNCACB by a user 
without any prior experiences in protein backbone assignment, NMRspy or XYZ4D. 
With guidance, this user finished the work in two and a half weeks. N-terminal 
domain of spider silk protein MiSp (139 residues) was assigned with 2D-HSQC, 3D-
CBCA(CO)NH and 3D-HNCACB by Dr Gao Zhenwei. This user had experiences in 
protein backbone assignment by NMRspy and XYZ4D. He finished assignment 
independently in one week. More than 97% backbone resonances were 
unambiguously assigned.  
As claimed, Free3D+ is capable of facilitating backbone assignment process 
with 2D and 3D NMR spectra of any possible combinations. Following the 
instructions in five modules, users without any prior hand on experience or 
knowledge could easily finish the assignment. These automatic and semiautomatic 
procedures reduce the workloads greatly. The score system frees users from viewing 
spectra one by one and calculating chemical shifts differences all the time. For larger 
proteins and disordered proteins, advantages of Free3D+ will be more obvious. 
The online manual and Q&A is always updated for more details to guide users 
working with Free3D+ smoothly. Understandably, like other existing software, there 
might be some bugs and errors in this software, and new versions with better user 
experience and fewer bugs will be released in the future. 	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